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SUMMARY

This report was developed as a part of a program under-
taken by the Manufacturing Technology Directorate of Picatinny
Arsenal in recognition of the need for expanded design information
pertaining to structures subjected to the blast environment due to
accidental explosions within ammunition facilities. The purpose
herein is to provide facility designers with procedures, and the
computer program written to implement them, for determining the
gross motions of protective structures on their supporting soils.
The report is intended to supplement the design methods of the
tri-service design manual "Structures to Resist the Effects uf
Accidental Explosions" (TM 5-1300).

Gross motions of the structure subjected to high inten-
sity blast loads are determined using a technique which embodies
the rigid body approximation to the structure's response in con-
junction with a discrete element representation of the supporting
soil. Non-linear soil behavior is considered in the analysis and
incorporated into the computer program. The analysis is directed
primarily towards cubicle-type structures but has application to
other structure configurations.

A classification of various soils is provided togetherwith representative values of critical soil properties for use in
the computer program.

The computer program is presented in the form of program
documentation, coded input card formats, input deck structures,
FORTRAN listing for the CDC 6600 computer, and sample problems.

Detailed procedures are given for the computation of the
time history of the blast loads on the structure, and the struc-
tural design of the foundations. Numerical examples are included
to Illustrate the procedures. Conclusions and recommendations are
also presented.

iv{x



CONCLUSIONS AND RECOMMENDATIONS
This report presents analysis techniques for predicting

gross motions of structures, and design criteria and procedures
for determining the size of the foundation base slab necessary
to resist the soil pressure build-up beneath the structure
during the response of the structure to the blast loads.

it is recommended that procedures and the computer pro-
gram presented in this report be utilized in the design ofi• •+•blast-resistant protective structures for facilities engaged in

the manufacture, maintenance, modification, inspection and
storage of explosive materials.
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SECTION 1

INTRODUCTION

1 .1 Background

- IThe design of facilities for the manufacture, maintenance,

modification, inspection and storage of explosive materials uti-
lizes special procedures and criteria in order to avoid mass det-
onations and explosive propagation in the event of an accidental
explosion and to ensure protection for personnel and equipment.

* The basic design document in this area is the tri-service manual
"Structures to Resist the Effects of Accidental Explosions" (TM 5-
1300). This manual presents the procedures to quantitatively
evaluate the ability of reinforced concrete structures to resist
the effects of a detonation of high explosives. It provides pro-
cedures and the necessary data for the design of laced reinforced
concrete elements which are required to resist close-in explosions.

Briefly, the methods in the manual treat the design of
each blast-resistant element in a structure individually. These
methods are based on the premise that the supports along the
periphery of an element are completely fixed against translation
and rotation and are capable of fully developing the strength of
the element. Generally, this approach is adequate for the design
of most protective structures.

i" In some design situations, however, an additional con-
sideration, the motion of the protective structure or barrier on
the supporting soil, must be included in the design process.

r fThis always occurs in the design of cantilever wall and single
cell barriers which are isolated from surrounding structures
(see Figures 1 and 2). These structures rely completely on the
supporting soil to provide the needed resistance to the over-
turning and translational motions. Some protective barriers
located within explosive storage and manufacturing facilities
also fall into this category. An example of this is the canti-
lever wall barrier of Figure 3 which is placed in an existing
facility. In this case, the existing foundation slab does not
have sufficient strength or rigidity to support the wall. There-
fore, a thick foundation, not integral with the base slab of the
structure, is provided for the wall. Another example is the
exterior blast wall of the structure shown in Figure 4. The entire
resistance to overturning is provided by the foundation, as the
side walls, shown in Figure 4, are not blast-resistant and there-
fore will fail. ks a result, the wall can be expected to experi-
ence large overturning motions under the action of the blast.
The excessive height of the wall will also add to the severity of

! 1



iV.

the overturning motions. In this case, buttress walls are added
to restrain the exterior blast wall. In these situations, the
overturning and/or translational motions of the protective struc-
tures or barriers may result in the propagation of the explosion
or injury to personnel and, therefore, these motions must be con-
sidered in the design.

In contrast to the exterior wall shown in Figure 4, the
interior blast-resistant dividing wall of the same structure is
not susceptible to overturning as it is restrained by the founda-
tion and the side walls (in the undamaged portion of the struc-
ture). In the multi-cell barrier of Figure 5, an explosion in
one cell is confined by the blast-resistant walls and the overall
structure is restrained from overturning by the massive walls and
foundation slab. In these situations, the motion of the protec-
tive structure or barrier on the supporting soil is not a critical
factor and, therefore, need not be considered in the design.

In this report, the procedures of 1T1 5-1300 have been ex-
tended to include analytical techniques to evaluate the motions
of a structure on its supporting soil and methods and criteria to
design those elements which prevent the structure from overturning
and, if important, sliding.

The procedures and the computer program presented in this
report were developed by the Manufacturing Technology Directorate
"of Picatinny Arsenal, with the assistance of Aimann & Whitney, Con-
sulting Engineers, as part of the overall Picatinny Arsenal Safety
Engineering Support Program for the U.S. A-my Armament Comnand.

S1.2 Objectives

The primary objective of this report is to present pro-
cedures and the computer program written to implement them for
determining the gross motions of structures subject to the blast
effects of high explosive detonations. These procedures are in-
tended to supplement the design methods of TM 5-1300,

Secondary objectives include:

1. The presentation of procedures for determining the
blast load history on the structure.

2. The presentation of representative values of critical
soil properties for use in the computer program.

3. The presentation of criteria and procedures for de-
signing foundations of protective structures subjected
to large overturning and/or translational motions.

2



1.3 Format of the Report

The report is divided into three main parts. The first
part, consisting of Sections 2, 3 and 4, is devoted to a descrip-
tion of the analysis technique utilized to compute the response
of structures to time-dependent loadings and to the definition
of the environments to which protective structures are subjected.I In Section 2, the concept of rigid body analysis is introduced
together with the equations of motion of the structure. Section
3 discusses quantitative procedures for computing the blast out-
put of the explosives, while Section 4 presents the analytical
methods utilized to simulate the behavior of soils under the
dynamic motions o4; foundations. Included in the latter section
are recommended values for critical soil properties to be used
in the computer program.

The second part consists of Sections 5 and 6 and relates
to the use of the computer program written to implement the pro-
cedures presented in earlier sections. Section 5 presents the
capabilities of the computer program and a detailed description
of the input requirements including input card formats and deck
structures for the various options of the program. Section 6 des-
cribes in detail the computer program printed output and includes
a discussion on the interpretation and utilization of the results
as related to the design of foundations for protective structures.

The third part consists of the four appendices presented
at the end of the report. The first three appendices present
various quantitative procedures utilized in the performance of
dynamic analyses of protective structures along with numerical
examples which illustrate the use of these procedures. Appendix
A contains the procedures for determining the impulse loads on
foundation pads of cantilever wall barriers, resulting from the
detonation of an explosive charge located outside the periphery
of the structure. Appendix B presents the procedure for computing
the arrival time and duration of blast pressures on a protective
structure subjected to a close-in explosion. Appendix C contains
criteria and procedures for designing the foundations and other
elements which stabilize the structure against overturing.
Appendix D contains the FORTRAN listing of the computer program
for the CDC 6600 computer. Included in this appendix are satples
of the punched card input data decks and the printed output of
the program.

In order to simplify the overall presentation, most of
the directly applicable material frour T1 5-130K) has not been
repeated in this report. As far as pussible, applicable equa-
tions, design charts and tables and cormientary material have been
included herein by reference.

3
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SECTION 2

METHOC OF ANALYSIS

2.1 Introduction

The method of analysis fo.r computing the gross motions of
a protective structure subjected to the blast effects of a high
explosive detonation is presented in this section. The response
of the structure to the action of the blast is determined by per-
forming a time-history dynamic aralysis. The analysis considers
the effect of the supporting soil on the response of the structure.
A rigorous approach to this problem is exceedingly difficult and
time consuming and, in fact, is not warranted since only the gross
motions of the struc.ture are required. Tiierefore, the problem is
reduced to the simplest form possible but still retains the non-
linear complexity of the soil. This is accomplished utilizing
the rigid body approxi Ition. Briefly, this method treats the
structure as a rigid hody consisting of infinitely stiff elements.
The blast loads and elenent inertial loads are assumed to act
• through the cent~' of •.ra ity of the structure. This reduces the
response of the structure to the motion of the center of gravity
and, therefore, greatly simplifies the computation.

The rigid body approach is well suited to the problem at
hand. Generally, protective structures consist of massive laced
concrete wall elements supported by equally massive foundation
slabs resting on relatively soft soils. Consequently, the indi-
vidual elements will usually reach their respective peak res-
ponses well before any significant motion of the foundation has
occurred. As a result, there is usually little interaction be-
tween the individual responses of the elements and the gross
response of the overall structure. Therefore, the rigid body
analysis will generally produce reliable estimates of the gross
motions of the structure without a severe overestimate of the
response of the individual elements. The section that follows
provides a more detailed discussion of the mechanics of the
method and presents the equations of motion of the structure.

2.2 Equations of Motion

The structure is considered to be a rigid body constrained
to move parallel to the x-y plane (see Figure 6). This condition
is ieasily attained if we consider the x-y plane to be a plane of
symmetry of the structure and the loading on the structure to be
symmetrical about this plane. The mass and rotary inertia of the
entire structure are lumped at the center of gravity. Blast pres-
sures acting on the individual elements as well as the soil pres-

;: sures acting on the foundation are transposed to the center of
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gravity. In this way, the response of the structure is reduced
to three degrees of freedom. These are u, v and 0 which are,
respectively, the translations in the x and y axes anl the rota-
tion about the z axis.

The soil is represented analytically as a series of hori-
zontal and vertical elements which resist the motion of the struc-
ture. The soil elements exhibit non-linear behavior. The total
resistance developed in the soil at any time'during the response
is dependent on the displaced configuration of the foundation.
A detailed discussion of the soil model is presented in Section 4.

The equations of motion for this system are listed below:

mid + Rh = Hit) (2.1)

mV + Rv V(t) + mg (2.2)

16 + R0 = M(t) (2.3)

wherein:

u, v, 0 = horizontal, vertical and rotational
accelerations of the structure{ m = mass of structure

I = mass moment of inertia of the structure
about the z axis at the center of gravity

g = acceleration of gravity

1H(t) = resultant of horizontal blast loads at
t time t

V(t) = resultant of vertical blast loads at
time t

M(t) = moment of resultant blast loads about
the z axis at the center of gravity
at time t

Rh horizontal resistance of soil

SRv vertical resistance of soil

-Re moment of horizontal and vertical soil
resistance forces about the center of
gravity.

11
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The solutions for u, v and 0 are readily obtained by
numerically integrating the equations of motion utilizing the
constant velocity procedure. This is a procedure by which the
differential equations of motion are solved step by step, start-
ing at zero time, when the displacement and velocity are presum-
ably known. The time scale is divided into discrete intervals,
and one progresses by successively extrapolating the displacement
from one time station to the next. This procedure is well suited
to the solution of non-linear problems since it allows for the
inclusion of multi-linear resistance functions.
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SECTION 3

BLAST LOADING

3.1 Introduction

This section presents the procedures for computing the
load history for protective structures subjected to close-in ex-
plosions. The elements of the structure experience relatively
high initial pressures which decay rapidly to zero. Definition
of the loads for use in design of the individual elements is
usually limited to the computation of the average impulse as the

* i elements attain their peak responses long after the load acting
on them has decayed to zero. However, the analysis method of
Section 2, which employs numerical integration techniques, re-
quires a complete definition of the load history. The load his-
tory is characterized by a peak pressure, an idealized pressure
function and a duration. The quantities required to determine
the load history are the average impulse, the time of arrival of
the shock front and the duration of the blast pressures for each
element of the structure. The idealized pressure function uti-
lized is an initially peaked triangle defined by a peak pressure
and a duration. Extensive studies of this simplified loading
function have shown it to yield relatively accurate results in
most applications. The peak pressures are computed using the
aforementioned data. The total force on each surface is then
calculated as a function of time and transposed to the center
of gravity of the structure. Figure 7 illustrates the manner in
which the blast load history is calculated. A more detailed des-
cription of the load history computation is provided in Section

r 5.3.3.

The procedures for computing the data required to deter-
mine the load h' tory on the structure are discussed in the sec-
tions that follow.

3.2 Computation of Average Impulse

The computation of the impulse loads on the structure is
outlined in Reference 1. This manual provides a systematic pro-
cedure to determine the impulse loads. The method is extremely
tedious and rcquires extensive extrapolation and interpolation of
the data. To facilitate the computation, a computer program was
developed (Reference 2) which uses the quantity and location of
the explosive and the geometry of the structure to determine the
impulse load. Like the impulse data given in TM 5-1300, the
"Impulse Program" can be used for computing the impulse loads on
the walls and foundations of protective structures.

13
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The impulse data of Reference 1 is given in the form of
charts which express the average scaled impulse (impulse per cube
root of charge weight) as a function of the parameters which de-
fine the structure configuration, charge size and charge location.
The charts contain the impulse loads for cantilever wall barriers
and two-, three- and four-wall cubicles. The impulse charts and
the "Impulse Program" were developed to compute the loads when
the charge is located within the periphery of the cell. The case
of a charge located outside of a cell was not included in the
charts of Reference 1 nor considered in the development of the
"Impulse Program". This situation rarely occurs in the design of
cells, but it is not uncommon in the design of cantilever wallbarriers. In this situation, the charts of Reference 1 and the
"Impulse Program" can be utilized to determine the impulse on the
cantilever wall but additional data is required to determine theimpulse on the foundation.

In order to provide a means for determining the impulse
loads on the foundations of cantilever wall barriers, additional
impulse charts were prepared with a modified version of the "Im-
pulse Program". The charts express the average scaled impulse
as a function of the dimensions of the structure, charge weight
and charge location. These additional impulse charts are pre-
sented in Appendix A.

Use of the impulse charts may require interpolation of the
data in many cases. A procedure for interpolating the chart pa-
rameters is presented in Appendix A. The procedure is based on
the methods presented in Section 4-10 of Reference 1. Included
in the appendix is a sample problem which illustrates the use of
the procedure.

3.3 Computation of Arrival Times and Load Duration

A large body of empirical data has been collected on the
time of arrival of the blast front and the duration of the posi-
tive phase of the pressure wave. It has been determined that
most blast parameters are scaled by the cube root of the charge
weight for a given explosive. Thes @.parameters are thus pre-
sented in a sca]j form, i.e., tA/WI/J, (tA is the time of ar-
rival) and t0/WIN (t0 is the duration of the positive phase)
and plotted as functions of the scaled distance, Z = RA/W1/
where RA is the radial distance from the charge. Such correlation
of data is found in Figure 4.5 of Reference 1 and reproduced in
Figure 8.1 of this report. To determine the arrival time or
duration at a point of interest, one enters the curves of Figure
B.1 with the given scaled distance and reads the parameter of
interest from the appropriate curve.

15



The procedure for computing the arrival time of the blast
wave and the duration of the load on those elements of the struc-
ture directly exposed to the blast is based on the methods (Sec-
tion 4) and empirical data (Figure 4.5) presented in Reference 1.
The procedure begins with the definition of the arrival time of
the blast wave on an element ("tA" in Figure 7) as the time re-
quired for the wave to arrive at the point on the element nearest
to the explosive. An estimate of the load duration ("to" in Fig-
ure 7) is then obtained by computing an average time for the wave

to fully engulf the element and adding this quantity to the aver-
age of the load durations at those points on the element farthest
from the explosive (see Figure B.2). The times of arrival and
load durations for the points of interest on the element are ob-
tained from Figure B.I.

Appendix B presents an outline of the method and a sample
I' application of it.

I

I.

16



SECTION 4

SOIL - STRUCTURE INTERACTION

4.1 Introduction

This section presents the soil-structure interaction
model for simulating the non-linear behavior of soils subjected
to the dynamic motions of foundations. Included in the discus-
sion is the relationship between the principal features of the
model and the actual behavior of the soil. Following this is a
system for classification of various soils and a tabulation of
their respective properties for use in the interaction model.

The model is used in the dynamic analysis of protective
structures. In the analysis, the model utilizes the motions of
the foundation to determine the resisting forces in the soil.
These forces are then substituted into the equations of motion
presented in Section 2.

4.2 Soil Structure Interaction Model

'1 The significant physical characteristics of the soil
medium that are incorporated into the interaction model are:

1. The effect of a continuous supporting medium
beneath the foundation.

2. The resistance to the downward and horizontal
N motions of the foundation. Both linear and

bilinear resistance functions are included
in the model.

3. The lack of rebound experienced when the founda-
tion moves upward.

4. The effect of friction between the foundation
and the soil.

The effect of the continuous medium is simulated by rep-
resenting the soil as a series of discrete element pairs attached
to the foundation at equally spaced intervals. Each pair con-
sists of a horizontal and vertical element as shown in Figure 8.
The resistance developed in each element at any time during the
response is dependent upon the displacoernt of the foundation at
the attachment point of the element. Generally, 10 to 15 pairs
of elements are necessary to produce an adequate representation
of a continuous medium.

17
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Resistance to the downward motion of the foundation is
developed in the soil by the elastic deformation of the grains
and the inter-granular friction qenerated as the grains slip past
each other and fill the voids. Resistance to horizontal transla-
tion of the foundation results from the elastic deformations of
the grains until the structure begins to slide, after which the
motion is resisted by dynamic friction. A more detailed dis-
cussion of friction and sliding of the foundation is presented
in a subsequent paragraph.

Conventional analysis methods utilize equivalent springs
to simulate the soil resistance. Applications of this method are
p;-esented in References 3 and 4. Equations for determining equiva-
lent spring constants for the soil are presented by Whitman in
Reference 5. These equations were derived utilizing elastic half
space theory. The equations for the vertical and horizontal
spring constants are:

Vertical: CI= (~/-LI(l - ) (4.1)

Horizontal: Kx 2(1 + v)G6xVf- (4.2)

wherein:

Ky, Kx total spring constant for vertical
and horizontal translation

G = shear modulus for soil

= Poisson's ratio for soilr B length of foundation, alonq axis of

} rotation for rocking or normal to

direction of horizontal force

t L = length of rectangular foundation in
plan of rotation for rocking or in
direction of horizontal force

6X B influence coefficient for horizontal
spring constant

03. influence coefficient for vertical
spring constant

tUsing the sprino constants given by Equation 4.1 and 4.2, the
elastic constants of the individual soil elemnts are determined
by:

19
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Sky = Ky/Ns (4.3)

kX= Kx/NS (4.4)

wherein

A NS = number of soil elements used in
analysis.

The elastic resisting forces are:

Rh = z kx(u - h'sin o) (4.5)

Rv =ZN ky(v + xisin e)
i =1

NS
+ z kyVi)ST (4.6)

i :1

NS
R E ky(v + xisin n)(xiros e - h'sin o)1 =11

INS
F- kx(u - h'sin o)(h'cos o + xisin 0)Si__l
i=(4.7)

The variables in these expressions are defined below and
trated in Figure 6.

u, v, 0 translation of structure in the
x and y axes and the rotation about
the z axis

he =vertical distance from center of
gravity to soil-structure interface

xi horizontal distance from center of
gravity to soil element attachment
point on foundation

20
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(VIST static deflection under weight of
structure at soil element attachment
point

(u - h'sin o) = horizontal displacement of the
foundation

(v + xisin o) vertical displacement of soil
element attachment point.

The relationships presented in the preceding paragraph
apply when the soil is being loaded. When the foundation movs
upward away from the soil, only the energy expended in elastically
deforming the grains is recovered. The energy recovered is a
small portion of the total energy expended in compressing the
soil, with the result that, in effect, the soil rebound is cut
off. This lack of rebound is exhibited in both granular and clay
soils. Clay soils exhibit more elastic behavior but the major
portion of the deformation is still due to slip between the par-
ticles. The non-rebounding behavior of the soil is simulated
analytically by simply disconnecting the soil element when the
attachment point on the foundation attains its peak downward
displacement.

The preceding two paragraphs have presented a discussion
of the loading and unloading features of the interaction model.
In suni;ary, the model behaves elastically when loaded and ex-hibits no rebound when unloaded. Figure 9 depicts th1s behavior.

The upper portion of the figure shows the loading cycle to be
linear. In the lower portion of the figure, a bilinear loading
cycle is depicted. This latter curve is a more accurate repre-
sentation of the actual behavior of the soil. As the loading
increases, the voids are filled and a greater portion of the re-
sistance results from the elastic deformation of the grains
thereby increasing the stiffness of the soil, Generally, the
linear model is adequate for the solution at hand, hut when the
appropriate data is available, the bilinear model should be
utilized in the dynamic analysis.

As noted previously, the resistance to the horizontal
motion of the foundation is developed by the elastic deforvration
of the grains until sliding commences. This resistance can be
simulated usin. a lineear function. At sor. point, the resistam•e
exceeds the -friction force on the foundation and sliding co-merices
and continues until the foundation attains its peak horizontal dis-
placement. At this point, the foundation regains contact with the
soil and proceeds to displace in the opposite direction. During
this stage, as in the initial stage of the uut'on, thM resistance

I 21
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is developed by elastically deforming the grains. This effect is
illustrated in Figure 10 for a constant normal force. From
Point A to Point B, the resistance is linear until the friction
force is exceeded at Point B. Sliding commences at Point B and
continues until the foundation reaches its peak horizontal dis-
placement at Point C, at which time the structure regains contact
with the soil. From Point C to Point D, the resistance is again
linear. After Point 0, sliding in the opposite direction occurs
between the slab and soil. After Point E, elastic soil forces are
redeveloped until the structure comes to rest at Point F where a
permanent displacement will be realized. Figure 11 depicts the
time history of the horizontal motion of the foundation and iden-
tifies the key points when the effect of friction enters into the
horizontal resistance.

4.3 Soil Properties

Definitive determination of representative values for
critical soil properties for use in a design study is highly
problematic. Ideally, soil samples should be collected at the
construction site and tested under conditions representative of
the anticipated operating movement. Soil spring constants would
then be evaluated from the test results taking nito account:

1. The effect of partial embedment of the footing.

2. The dependence of the spring constants upon the
initial static stress as well as upon the magnitude
of the dynamic stress increment.

3. The distribution of stresses over the contact area
between the foundation and the soil, and

4. The dependence of the spring constants upon the
size of the contact area which, in turn, depends
upon the variation of the soil molecules with
depth or with the presence of a layered soil
structure.

Under more realistic circumstances, it is likely that
the soil data available to the designer are the result of a mini-
nmum of shallow test borings with visual descriptions of the soils
encountered accompanying values of "N" as determined from standard
penetration 'ests (N is the number of blows of a 140-pound hammer
dropping 30 inches required to drive a sampler of 2-inch outer
diameter 1 foot into the soil). It is necessary to correlate this
type of information with the modulus of elasticity required for
analysis.

25



Tables 1 and 2 summarize a correlation of modulus of
elasticity with soil type and "N" value. The tabulated moduli
were extracted from Reference 6. The values presented were de-
rived from repeated load tests and modified utilizing observed
resonant frequencies in the material. These values are approxi-
mate and should only be used where the time or resources for the
determination of the soil parameters by a more rigorous method
are not available.

With the data correlation of Tables 1 and 2, the designer,
at best, has only a gross estimate of the actual soil properties.
The soil properties, especially the modulus of elasticity, affect
both the stability of the structure and the strength requirements
of the foundation. A gross overestimate of the soil modulus could
result in a structure that overturns or experiences large hori-
zontal motions under the action of the blast while a gross under-
estimate of the soil modulus could result in a failure of the
foundation. Consequently, in the absence of more reliable data
(such as described in the initial paragraph of this section), the
structure should be designed for the range of soil properties
(specified in Tables 1 and 2) for the particular type of soil at
the construction site.
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SECTION 5

COMPUTER PROGRAM

5.1 Introduction

This section presents the computer program used to imple-
ment the procedures (for performing dynamic analyses of protective
structures) developed in Sections 3, 4 and 5 of this reprrt.

The program is essentially a special purpose program, de-
signed specifically for performing dynamic analyses of Atructures
subjected to close-in explosions. To this end, the bulk of the
input data required for the dynamic analysis is computed inter-
nally by the program. Items such as the inertial properties of
the structure (weight, moment of inertia, etc.), the time history
of the blast loads acting on the structure and the elastic con-
stants and spacing of the soil elements beneath the foundation
are computed by the program. These computations are performed
for the most common types of cantilever wall and raulti-wall bar-
riers such as those shown in Figure 12.

The inclusion of these computations in the program greatly
diminishes the quantity of input data entered on punched cards.
In addition, the program input is tailored to facilitate the data
preparation for the most common types of protective barriers such
as those shown in Figure 12. The range of applicability of the
program can be extended, however, by overriding the built-in com-
putational routines. In this way, the program can be used to
analyze structures of any configuration.

5.2 Program Capabilities

The computer program performs a rigid body analysis of a

protective structure subjected to Lhe blast pressures of an ex-
plosive detonation. The results of the computerized analysis
consist of the displacemrnt, velocity and acceleration time his-
tories of the structure The bearing pressures beneath the
foundation are also determined. Options are included for the
computation of the shears and moments for the foundation slab
design of cantilever wall barriers and the peak response time for
the back wall element (see Figure 14) designed to the incipient
failure or post-failure fragment conditions.

The computer program contains three optional modes of
operation. They are:
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1. Normal Option: The "Normal Option" mode is used for
analyzing the most common types of protective struc-
tures encountered in explosive manufacturing and
storage facilities. It contains internal routines
which calculate the inertial properties of the struc-
ture and the time history of the blast loads acting
on the structure. To compute the load history, the

T explosive data for TNT were incorporated into the
program. The data may be utilized for other ex-
plosives by appiying a TNT equivalence for the par-
ticular explosive to the charge weight used.

2. Special Loading Option. The "Special Loading Option"
is used to accommodate rectangular or trapezoidal
load histories in the analy:,is.

3. General Structure Option: The "General Structure
UOption" is used to extrnd the applicability of the
computer program to structures of arCy arbitrary
configuration.

4 5.3 Input Requirements

5.3.1 General Input

The input to the program consists of punched cards which
contain the following data:

1. The configuration and dimensions of the structure.

2. The properties of the soil for use in thc. inter-
action model described in Section 4.

3. The quantities. locations and blast outputs (average
"impulses on the elements of the structure) of theS~explosives.

Since the computer program has been designed specifically
for the most cominon types of protective structures, the quantity
of the input containing the configuration and the dimensions of
the structure and the blast output of the explosives has been
greatly diminished. Computational flexibility is retained,
however, by including provisions for overriding those features
of the program that apply to standard configurations of protec-
tive structures. In this way, data applicable to any type of
structure can be entered. However, the quantity of data re-
quired for this purpose is much greater than what is required
for normal program applications.
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As noted previously, a computational routine has been in-
stalled in the program for the purpose of calculating the peak
response time of the back wall element. To utilize this 'routine,
additional input describing the structural details of the element
is required. Utilization of this routine as well as the input
required for it is optional.

A description of the various input quantities required is
contained in the following section.

5.3.2 Configuration of the Structure

As applied to the most common types of protective struc-
tures, the structural configuration is described in terms of the

2 number and size of the blast-resistant elements making up the
structure. The input required for the "Normal Option" mode of the
program is designed specifically for the protective structure con-
figurations shown in Figure 12. Included in the figure are the
dimensions and parameters necessary to completely define the struc-
tural geometry. The program uses the dimensions illustrated in
Figure 12 to compute the following quantities for use in the
dynamic analysis of the structure:

1. Weight and moment of inertia of the structure.
The computation is restricted to structures
constructed of normal weight concrete weighing
150 pounds per cubic foot.

2. Location of the center of gravity of the struc-
ture as shown in Figure 14.

3. The areas of the surfaces on the structure
subjected to blast pressures. The computation
is limited to surfaces normal to the plane of
motion of the structure.

4. The location of the centroids of the loaded
surfaces relative to the center of gravity
of the structure. Only the centroids of the
surfaces normal to the plane of motion of the
structure are computed.

5. The plan area of the foundation.

In applications of the program to non-standard configura-
tions, the quantities listed above, with the exception of Item 5,
have to be computed beforehand and entered using the optional in•-
put formats provided for this purpose. This optional form of

31



entering the data is the "General Structure Option". The pertinent
data relating to the dimensions of the foundation is still required
and must be entered using the regular input card for the structural
geometry.

5.3.3 Properties of the Soil

The soil properties are utilized with the soil structure
interaction model described in Section 4. The quantities required
are the modulus of elasticity, Poisson's ratio and the appropriate
friction constant for the soil. Soil properties for various soils
are provided in Section 4.3. Shape factors for the foundation (as
defined in Reference 5) are also required. This data is utilized
by the program to compute the elastic spring constants for the
loading cycle of the interaction model.

The inclusion of non-linear behavior is accomplished by
entering two different moduli of elasticity and the normal stress
at which the modulus changes. For bilinear soil behavior, the
interaction model utilizes a bilinear loading cycle in the analysis
with spring constants being computed for both moduli of elasticity.

5.3.4 Blast Output of Explosives

In applications of the program to standard structural con-
figurations, the blast output of the explosives is described in
terms of charge weights and locations and the average unit impulses
on all loaded surfaces. This limited description of the explosive
blast output is all that is required when utilizing the "Normal
Option" mode of the program. The program uses this data to compute
the load history on the structure. The computation proceeds in two
• t stages

In the first stage, the following quantities are computed
utilizing the procedure presented in Section 3.3, the weights and
locations of the explosive charges entered on the input cards, and
the TNT explosives data contained in the prograF:

1. The smallest load duration on any surface.

2. The arrival time of the blast wave on every surface.

3. The arrival time of the blast plus the average
duration of the loading on every surface.

The above quantities are computed for each explosive charge
and stored internally in the computer.

32



In the second stage, the total blast load history on the
structure is computed. The loadings on the structure produced by

I each explosive charge are computed individually. In the computa-
tion cycle for each explosive charge, the load on each surface is
computed in the following manner. First, the program utilizes the
impulse data entered on the input cards and the quantities (Items
2 and 3) listed on the preceding page to determine the peak pres-
sure acting on the surface. The pressure is computed using a
triangular (linear) pressure-time history. The peak load on the
surface is then computed by multiplying the peak pressure by the
area of the surface. After this, the load history is determined
by dividing the triangular load-time function into a series of
small equal time increments. In order to insure that the total
impulse is considered in the analysis, the program digitizes the
load history at a time increment equal to 1/20 of the shortest
load duration on any one surface of the structure. As the load-
time history is digitized, the time history of the moment of the
'load around the center of gravity of the structure is also com-
puted. The load- and moment-time histories are then added to the
total force vector for the structure.

Application of the program to non-standard protective
structures requires that the data listed on the preceding page
(Items 1, 2 and 3) be computed and entered on the alternate input
fornmats provided. This alternate form of entering the data is
the "Special Loading Option" which can also be utilized to accom-
modate rectangular and trapezoidal pressure-time functions in the
analysis.

5.3.5 Structural Details of the Back Wall Element

This input consisting of structural design data relating
j to laced reinforced concrete walls is entered for the pur.nose of

computing the maximum response time of the back wall element.
In this report, the back wall element is defined as the principal
blast-resistant wall perpendicular to the x-y plane of motion of
the structure as shown in Figure 14. The response time computa-
tion is performed using the procedures outlined in Chapters 5 and
6 of Manual T14 5-1300.

Generally, the response time is of interest to the user
in judging the adequacy of the rigid body approximation for com-
puting the gross response of the structure. A simall element res-
ponse time in corparison to the gross response time of the
structure indicates that the rigid body approach is adequate to
the task. In cases where the response times of individual ele-
ments are nearly equal to that of the gross structural motion,
the rigid body method will yield conservative results. This is
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especially true when the overall structure responds well before
the back wall element responds. For these cases which are not
common, a more sophisticated approach would be required.

Tie computation is performed for elements designed toI . incipient failure or to the post-failure fragment conditions.
In the event of the latter, the response time of the element is
"used as an upper time limit on the rigid body response as no
further computations are required after the wall has failed.

5.4 Computer Usage and Restrictions

The program is written in FORTRAN IV for the CDC 6600
computer. The FORTRAN coding for the program can be found in
Appendix D.

The size restrictions imposed by the dimensional con-

straints of the program are suniiarized below:

Item Maximum Number

Number of charges 20

Number of wall elements 4

Number of soil elements 15

Number of force-time stations 1,000

Number of output-time stations 1,000

, Number of loaded surfaces

The results of the analysis are stored internally in the

computer until the numerical integration is completed after which

they are retrieved and printed out. There is no limitation on
the number of integration time steps that can I)e uwiliztei in the
analysis. However, there is a limitation on the amount of data

that can be stored ititernally in the computer. This limitation,
established by the dimensional constraints of the prooram, deter-
mines the maximum number of output time stations allowed. There-
fore, caution must be exercised in specifying the number of
integration time steps to be skipped betwveen output time stations.
If an insufficient nunber of integration time steps are skipped
between output time stations, the quantity of data stored in the
computer will exceed the dimensional limitations of the proaram.
This will result in premature termination of the calculation.
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5.5 User's Manual

5.5.1 Introduction

The input to the computer program is presented in coded
card format in Sections 5.5.2 and 5.5.3.

Section 5.5.2 contains the input data forms required for
the "Normal Option" of the proaram. The "Normal Option" mode of
the program is applicable only to the structural confinurations
shown in Figure 12. The program, in this mode, considers only
the triangular (linear) pressure-time function in computing the
load history.

Section 5.5.3 contains the additional data forms required
"for the "General Structure" and "Special Loadine Options". Sec-
tion 5.5.4 describes the input terminator cards. The composition
of the data decks For the various options available in the proaram
is presented in Section 5.5.5. Following this is Section 5.5.6
which contains user instructions for runninq sevp-a; computer
analyses consecutively (Multiple Job Processinn).

5.5.2 Input Data Forms: Normal Option

There are 6 types of cards used to specify data for the
"Normal Option" mode of the proctram. Each type of card is des-
cribed below in terms of data format, defir,,ition and fied allo-
cations. The numbers above the graphic representation of e*ch
card identify the last column in each field of tht 'ard, iln
fields desinnated "I", the quantity must he ri,`)t adji2stý(d to
the last column in the field. No .'oidal pofnt is r,,ired for

"I" formatted input In fields designated "PF%. a decihal V'oint
is required; however, the number can be located anywhere within
the field. A plus siqn for a positive quantity is not required
and will abort the exec'.ktion of thp program. Minus signs for
negative quantities must be placed i 'he first blank colu~mn to
the left of the numher. The cards ,.,.•.numbered (Card Type 1, 2,
etc.) accordin-a to the order in which they are read in by the
program.

Card Tyne 1 - Structure L)escription Card (Required)
II'

STRUCTURE DES(AIPTION CARD

This card -may contain alphanumeric information in Colu-ns
2-71 that will be printed at the top of each paqe of the
Output.



Card Type 2 - Problem Specification -ard (Required)

5 01 ,oI,51 20o251 301 351 401 451 501 551 601 651
IiANN N ,N N

NPNNS V//j4TIC ICAII 0E IU W F LO M
FP !h / _ 2 T LA LEI LN |

("I" FORMAT -ALL FIELDS)

NP = number of charges

N = number of walls

NS : nunmer of soil elements

NUNTM = number of integration time steps

ICl 0 output limited to a tabulation of maximum

displacements, soil pressure and foundation

shear and mument

= 1 program prints displacements, soil resistance
forces and soil bearing pressures at every
output tire station

ICAI 0 Normal Option: mass of the structure, loca-
Tion of the center of Qravity, areas of loaded
sljrfmces and the location of tJteir centroids
r-iative to the center of gravity are calcu-
lated from structure qeometry entered on
Card Type 4. Pressure-time histories are
calculated using structure aeometry input on
Card Type 4 and charge data inrpt on Card
Type S.

1 General Structure Option: Internal com-puta-
t--n o- aforementioned data is bypassed and
the inforattion entereo using Cprd Types 6
and 8 through 12.

,DEL2 = constant used for chaiuging inteoratir-n time step;
nommally. the tine sten used in the coputation
is 1/20 of the smallest load duration on any one
surface of the structure. If this option is ex-
ercised, the time step will be multiplied by _his
factor. The integration tize sten is alter0d
only after the pressure on the structure has
decayed to zero.
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NUMPT = number of integration time steps skipped between
output time stations. NOTE: NUMTM/NUMPT < 1000.

NWALL = 1 the program calculates the maximum response
time of back wall element for incipient
failure or post-failure fragments.

NVEL = 1 the acceleration and velocity of the struc-
ture is printed at every output time station.

NFDN =1 the maximum moment on the foundation at the
wall face and the maximum shear and corres-
ponding moment at a specified distance from
the wall face are computed by the program.
The specified distance used in the computation
is 15 percent of the length of the foundation
overhang. The width of a wall haunch is in-
cluded in the computation, if one is present.
This option applies only to cantilever wall
type barriers.

NLOAD = 0 Normal Option: loading on the structure will
b calculated internally using the structure
geometry entered on Card Type 4 and the
charge data entered on Card Type 5.

NLOAD > 0 Special Loading Option: internal computation
of the loading will be bypassed and the load-
ing data will be entered on Card Types 6 and
12. The value of "NLOAD" is used as the
number of loaded surfaces on the structure.
When this option is not used in conjunction
with the "General Structure Option", enter
zero for the parameter "ICAl".

Card Type 3 - Soil Properties Card (Required)

10 201 30l 401 501 601 70o

El E2 SMTP ~ X

('F" FORMAT -ALL FIELDS)

El modulus of elasticity (psi) of first portion of
bilinear stress-strain curve
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Card Type 3 (continued)

E2 = modulus of elasticity (psi) of second portion of
bilinear stress-strain curve. For linear stress-
strain curves, enter for "E2" the value of "El".

SMTP = stress (psi) at which modulus of elasticity
changes (see Figure 9, page 22). For linear
stress-strain curves, enter a value of
10000.0 for SMTP.

fc coefficient of friction between soil and base
of structure for non-cohesive soils or adhesion
constant (psf) for cohesive soils

= Poisson's ratio for soil

influence coefficient for calculatinq soil
spring constants:

"x is the coefficient for the horizontal
spring constant

ýz is the coefficient for the vertical spring
constant

Card Type A- Structure Geometry Card (Required) (See
Figure 12)

110 20 30 40 50 60 70

TW C9 L HW SSB HB HAUNH,

S("F" FOfMAT- ALL FIELDS)

TW1 back wall thickness (ini)

SCS ratio of foundation thickness to back wall

thickness (TS!TW)

L length of back wall (ft)

1HW height of back wall (ft)

SSB ratio of lenqth of loaded area of foundation
to total lInqth of foundation (Lr/B)
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HB = ratio of height of back wall to length of

foundation (HW/B)

HAUNH =width of back wall haunch (in)

Card Type 5 - Charge Data Cards (Required for Normal
Option only) (See Figure 13)

l, Normal Option: computation of pressure-

time histories is performed internally
by the program utilizing the data on these

j cards and the TNT explosive data contained

in the program

10~ 201 30 40 501 60 7

(("F" FORMAT- ALL FIELDS)

RA = distance from center of charge to rear face of
back wall (ft)

, W charge weight (lbs)

ib( 1 ) unit blast impulse on back wall (psi-ms)

ib(2) unit blast impulse on foundation (psi-ms)

I ib(3) unit blast Impulse on roof (psi-mis)

I 1 minimum distance frpm charge to an ad-Iacentwall (ft)

h height of charge above foundation (ft)

NOTE: One "Charge Data Card" is required for each ex-
plosive charge.
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Figure 13. Charge data parameters.
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Card Type 7 -Back Wall Structural Details Card
(Optional; may be used with Normal and
Special Loading Options)

This option is used if the maximum response time of the
back wall element is required. The peak response time
is calculated for the incipient failure or the post-
failure fragment conditions. In the event of the post-
failure fragment condition, this quantity is used as an
upper time limit on the response of the structure.
The dimensions and parameters entered on this card are
defined and illustrated in Chapter 5 of Reference 1.

10 201 30[ 401.451501 601 701 801

Eb dc P P lds(KLM)Ul vf

("F" FORMAT -ALL FIELDS)

-ib summation of unit blast impulses on back wall
element (psi-nis)

dc = distance between the centroids of the tension
and compression reinforcement (in)

P= reinforcement ratio vertical

SPH reinforcement ratio horizontal

x or y = yield line location (in)

dynamic steel design stress (psi)

(KLM)u = plastic load mass factor

vf = velocity of post-failure fragments (in/ms).
This quantity is required for elements designed
to the post-failure fragment condition only.

NOTE:

1. If the structure being analyzed is a cantilever
wall, enter only Eib, dc, PV, fds"

2. To use this option, a value of 1 must be entered
for the parameter "NWALL" on Card Type 2.
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5.5.3 Input Data Forms: General Structure and Special
Loading Options

There are 6 additional types of cards (Card Types 6 and
it 8 through 12) that are required for the "General Structure Option"

and two additional types of cards (Card Types 6 and 12) that are
required for the "Special Loading Option". These cards are re-
quired in addition to Card Types 1 through 4. Each type of card
is described on the following pages in the manner specified in
Section 5.5.2. Card Types 6 and 12 are utilized in lieu of Card
Type 5 ("Charge Data Card") to enter the loading data. Card Types
8 through 11 are used to enter the inertial properties and the

* geometry of the structure. The data on Card Types 6 and 9 through
12 is used by the program to compute the load history on the
structure.

Card Type 6 is used to enter the arrival time of the
blast wave on the structure and the smallest duration of the
loading produced by any one explosive charge on any surface.

Card Type 8 is used to enter the inertial properties
of the structure and the location of the center of gravity of the
structure. The dimensions required to locate the center of grav-
ity are shown in Figure 14.

Card Types 9 through 11 contain geometry data pertaining
to the loaded surfaces of the structure. As discussed in Sec-
tion 2, the analysis treats the structure as a rigid body, con-
strained to move in one plane; therefore, only loading and ge-
ometry data pertaining to surfaces normal to the plane of motion
of the structure have to be included in the input data deck.

Card Type 9 is used to enter the areas of those surfaces
directly exposed to the blast pressures.

Card Type 10 is used to enter the location of the centroid
of a loaded surface relative to the center of gravity of the
structure.

Card Type 11 is used to enter the horizontal and vertical
components of a unit vector normal to a loaded surface. The vec-
tor defined on this card must be directed towards the surface.

! , Areas for all loaded surfaces can be entered on Card
Type 9 whereas one each of Card Types 10 and 11 is required for

each loaded surface. Card Types 10 and 11 are entered in two
separate groups, that is, one group contains all Card Types 10

* and the other contains all Card Types 11.
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Card Type 12 contains loading data that includes the aver-
age impulse on the surface, the arrival time of the blast wave on
the surface and the sum of the arrival time of the blast wave plus
the load duration on the surface. The surface loading data is
entered in groups. Each group contains the surface loadings pro-
duced by one explosive charge. In each group, one "Surface Load-
ing Data Card" (Card Type 12) is entered for loaded surface.

Figure 16 on page 51 illustrates the input data deck for
the "Special Loading Option". The figure shows several groups of
data cards, each labeled with a charge number and the encircled
number 12. Each group contains several cards, with each card con-
taining the loading data (average impulse, arrival time and load
duration) for one loaded surface. For the "Special Loadinq Op-
tion", the surface loading data cards must be ordered (within each
group) as follows:

Order of Data Card Within Group Surface

First Card Back Wall

Second Card Floor or Foundation

Third Card Roof (if present)
If the data cards are not in the correct sequence, the results of
the analysis will be erroneous.

Figure 17 on page 52 illustrates the input data deck for
the "General Structure Option". The figure shows several groups

r of data cards (one group each for Card Types 9, 10 and 11 with
the card numbers encircled) in addition to the groups containinq
the loading data cards (Card Type 12). Although the groups must
be entered in the same order as shown in the figure, within each
group a fixed order for entering the data for the loaded surfaces
is not required. However, the order in which the data is entered
must be the same for each group; that is, if the areas entered onI . Card Type 9 are for the roof, floor and back wall in that order,
then the surface data entered in the remaining groups (Card Types
10, 11 and 12) must also be in the same order. Changing the
order of the input in each group will cause erroneous analysis
resul ts.
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Card Type 6- Time Step Data Card (Required for both
options)

10 201

("F" FORMAT -ALL FIELDS)

TASM = time of arrival of the blast wave on the struc-
ture. This quantity is determined by computing,
as described in Section 3.3, the time for the
blast wave from any charge to traverse the least
distance from that charge to a point on the
structure. The smallest quantity computed for
any explosive charge is the time of arrival of
the blast wave on the structure. This value is
used as the first integration time station in
the analysis.

TOLG = smallest duration of loading produced by any one
explosive charge on any surface of the structure.

Card Type 8 - Mass Data Card (Required for General
Structure Option only) (Sec Figure 14).

101 20, 301 401 50,

t ("F" FORMAT - ALL FIELDS)

WT weight of structure (lbs)

I mass moment of inertia (Ibs-sec2 /in)

XB horizontal distance in inches from center of
gravity to rear face of back wall element

YB = vertical distance in inches from center of
gravity to top of the foundation slab

XR = horizontal distance in inches from center of
gravity to the left end of the foundation

'OTE: The signs of the dimensions entered on this card
must be consistent with the sign convention of
the x-y coordinate system shown in Figure 14.

45

6A_



Card Type 9 -Loaded Surface Area Card (Required for
General Structure Option only)

10• o 201 301 4ol 501

AFCWAACEW FACE: AFACEW ~ ~ f//~

("F" FORMAT -ALL FIELDS)

AFACEi =area of surface in square inches. The area
is to be entered for each loaded surface
on the structure.

Card Type 10 - Loaded Surface Centroid Card (Required'p for General Structure Option only)

o10 20o

IXCODI.ORD(I)V 7/

1 ("F" FORMAT-ALL FIELDS)

XCORD(i) horizontal distance in inches from the
center of gravity to the centroid of the
surface

YCORD(i) vertical distance in inches from the center

SNOTE of gravity to the centroid of the surface.. f ~NOT_.E:

I 'I. One "Loaded Surface Centroid Card" is required
for each loaded surface of the structure.

2. The signs of the dimensions must be consistent
with the sign convention of the x-y coordinate
system shown in Figure 14.

Card Type I, - Loaded Surface tfrmal Vector Card
(Required for General Structure Option
only)

0 201

IVCIUVECT(Z4ý 21i
("FF" FORMAT - ALL FIELDS)
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XR XB ~ BACKWALL ELEMENT

XCORD W

.: EXLOIVEXPLOSIVEC.G. OF STRUCTURE

'-- CENTROID OF WALL
SURFACE AREA.*

<Z . X CORD( F)

Ib -FOUNDATION

SIDEWA.LL ELEMEN ONDATION SLAB

CENTROID OF FOUNDATION
*NOTE: SURFACE AREA.*

Surface areas referred to
4 ore perpendicular to x-y plane.

Figure 14. Center of gravity location. Card Type 8.
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I

UVECT(1) horizontal component of a unit vector normal
to the surface

UVECT(2) vertical component for a unit vector normal

to the surface
,1 NOTE:

1. One "LoadeH Surface Normal Vector Card" is re-
quired for each loaded surface of the structure.

2. The signs of the vector components must be con-
sistent with the sign convention of the x-y
coordinate system shown in Figure 14.

Card Type 12 - Surface Loading Data Card (Required
for both options)

I10 201 301 401

I 'b ~AtAO P2/P I
"("F" FORMAT -ALL FIELDS)

Sib unit blast impulse on surface (psi-ms)

tA = arrival time of blast wave on surface (sec)

tAo 0 arrival time of blast wave plus duratiow of
loading on surface (sec)

P?/Pl = ratio of final pressure to initial pressure
on surface

5.5.4 Input Terminator

Following the input data cards are the input te-iwinator
cards which signal the program that no further data is to be en-
tered. The program will then execute a normaI exit. The input
terminator cards are:

.I One (1) blank card

2. One (1) card with a negative integer in
Coltuns 1 - 5.
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INU TERMINATOR
CARDS

tAKALSRC.

IL CARDS0

SOCICLL NUMBERS REFE

TITLE______ ToR CAD(DNIICT

NUMBERS IN USEiVS MANUAL.

Figure 15 Input data deck, Nomul Option.
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5.5.5 Input Data Decks

This section presents illustrations of the input data
decks for the three options of the computer program. A discussion
of the required input is provided below:

1. Normal Option: Standard Configuration and
Loading History

The "Normal Option" require; the least amount of

data. The data deck is illustrated in Figure 15.
The back wall details data card (Card Type 7)
has been included in the de,-k but it can be
omitted if the user so desires.

2. Special Loading Option

The "Special Loading Option" is used to acconmmo-
date rectanqular or trapezoidal load histories
in the analysis. It is also used in conjunction
with the "General Structure Option" to accommo-
date structures of any arbitrary configuration.
This option requires considerably more input
data than the "Normal Option".

The data deck for the "Special Loadina Option"
is showvn in Fiuiure 16. The back wail element
response corkutation can also be included in
this option, if so desired.

3. -Get ra) Structure Of)tion

"the 'Ge-e,-al Structure Option" is utiiized for
str;uctbres of any arbitrary configuration. It
re.requires the greatest am!unt of i nPut of all the
options available in the proqrar. In at. 1ition
to the load history data necessary for ý,ie
"Speicial Loading Jption`, all of thr dita pertain-
in- to the inertial pý-,aperties and the qewnetry
of the structure. are also required. The datadeck for the ',eneral Structure Option" is shown
in Figure 17.

5.5.6 Muiltiple J-6 Prv i snit

Several problems can be p~rocesseed in one cotvuter run Al
sirply stackinc. th in;Pt data decks fr' each pro*, o --- e after
the other. The input termi,.ator is Viet placed after the last
data deck.
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7l INPUT
TERMINATOR
CARDS

CHARGE NO.3 I

w:• ].SURFACE LOADING
DATA CARDS•;; I,(I 

SET/CHARGE)

CHARGE NO.2 ©-DATA/CHARDS

"CHARGE NO, I

S.... 
IC KTI M E S TE PC 07|

I'I

TLARD EiL 

E CR

[ATA 
TOR CADD60F 

C T O

ST R UTU R E r 4)N T E

Figure 16. Input data deck: Special Loading Option.
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SECTION 6

COMPUTER PROGRAM OUTPUT

6.1 Introduction

This section presents a description of the computer pro-
gram printed output. Included also is a discussion on the utili-
zation of the output with emphasis on that portion related to the
design of foundation slabs.

Samples of the printed output are presented in Appendix D.

6.2 Description of Output

6.2.1 Summary of Output

The computer program output consists of three parts:
(1) a summary of the input parameters used in the analysis; (2)
the loading on the structure; and (3) the response of the struc-

J ture to the applied loads.

The printing sequence has been designed to provide the
input summary as a single block followed by a series of data
blocks containing the blast loads on the structure. These data
are arranged to present the loads associated with each explosive
charge separately. Descriptive data about the charge are printed
first. This is followed by the pressures and forces acting on
each loaded face of the structure in sequence. The second charge
is then described and the loads acting on the loaded faces due to
this charge are printed. Finally, the structure's response to

I' the load history is given.

6.2.2 Summary of Input

The input summary includes the program control parameters,
the basic dimensions of the structure and the elastic properties
of the soil. Both the horizontal and vertical spring constants
for the soil are presented. Where the soil behavior is bilinear,
both moduli of elasticity are given. In addition, the weight,
mass, mass momient of inertia, the significant dimensions (illus-
trated in Figure 14) locating the structure center of gravity and
the integration time step used in the analysis are tabulated.
Presentation of the input data in this form facilitates checking
and tabulation of the problems.
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6.2.3 Blast Loads on Structure

The loads produced by each explosive charge acting on each
wall are presented in sequence. Where a multi-charge arrangement
occurs, a separate set of load histories is presented for each
charge after a description of that charge. The charge descriptive
output includes the weight of explosive and its location relative
to the back wall, floor and side walls of the structure. This
data along with the average impulse acting on each wall is omitted
when the "Special Loading Option" is exercised.

The data set for each loaded face includes the average
impulse, the surface area, the location of the centroid of the

area with respect to the structure center of gravity, the initial
and final pressures on the surface and the times at which they
occur. Time histories of the load and the moment produced by the
load relative to a horizontal axis through the center of gravity

* are also presented.

Following the above data, a summation of all the horizontal
and vertical loads acting on the structure together with the re-
sultant moment with respect to the center of gravity is presented.

6.2.4 Response of the Structure

When the response time option is exercised, the input data
associated with the design of the back wall element is printed
followed by the peak response time of this wall.

In general, the output contains displacement, velocity and
acceleration time histories of the structure resolved into hori-r• zontal and vertical components at the center of gravity and an

angular component about an axis which passes through the center of
gravity and is perpendicular to the plane of motion. Similar data
are presented for the foundation. The foundation quantities are
found in a column headed "XFDN".

The format of the printout presents several groups of
tabulations. The first tabulation includes the displacements of
the center of gravity, horizontal displacement of the foundation
and the soil "Resisting Forces". These latter are summations of
the forces in the horizontal and vertical soil elements and the
moments of these forces about the center of gravity of the struc-
ture. The second tabulation contains the acceleration- and
velocity-time histories of the structure. The horizontal velocity-
time history of the foundation is also included under the heading
"XFDN".
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The third data group consists of the variation, with time,
of the bearing pressures in the soil. As discussed previously,
the soil is represented in the analysis as a series of discrete
elements attached to the foundation at equally spaced intervals.
The quantities printed are the bearing pressures at the soil ele-
ment attachment points. A value of zero for the bearing pressure
indicates that the foundation at that point is moving upward away4 from the soil.

The response-time histories are followed by a tabulation
of significant response parameters which include the maximum up-
ward deflection of the toe of the foundation. The toe is that
part of the foundation resisting the overturning motions of the
structure. If the toe leaves the ground, this deflection will be
the maximum upward deflection. If the toe remains below the
ground, it will actually be the minimum downward deflection.

If the structure reaches its peak rotation, the tabulation
will include the maximum horizontal and vertical displacements of
the center of gravity, the overturning angle (rotation of struc-
ture at which overturning occurs), the maximum rotation of the
structure, and the ratio of the maximum rotation to the overturn-
ing angle. The output includes the maximum upward displacement of
the center of gravity, the maximum bearing pressure in the soil
and the foundation design loads for a cantilever wall type barrier.
If the peak response has not been attained, this output will be
omitted and a message printed, indicating that more time is re-
quired in the analysis. If this occurs, the number of integration
time steps must be increased and the analysis performed again un-
til the maximum response is reached.

The volume of output can be limited by either deleting
whole sections or increasing the number of integration time steps
skipped between printouts.

6.3 Use of Output

6.3.1 General

The output of this computer program may be used for three
primary purposes: (1) to evaluate the response of the structure;
(2) to detect errors in either the input data or the analysis;
and (3) to design foundation slabs.

The first two require no explanation. The third, however,
is discussed in the section that follows and treated in detail in
Appendix C.
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6.3.2 Foundation Design

Design procedures for foundations of protective structures
vary according to the configuration of the structure. Basically,
all protective structures depend, to some extent, on the soil be-
neath the foundation, to resist the structure overturning and/or
sliding motions. The extent of this dependence on the soil is a
function of the configuration and size of the structure, and where
applicable, the configuration and size of larger structures to
which the protective structure is tied.

Large multi-cell barricades, such as the one shown in Fig-
ure 5, will experience gross rotational and sliding motions under
the action of the blast. However, the massive blast wall elements
and the equally massive foundation, combined with the substantial
width of the foundation, will severely limit the gross motions of
the structure to the extent that they are no longer a factor to be
considered in the design. This is also true for barricades with a
single row of cells. Foundations for these structures are designed
primarily to develop the blast wall elements. Long foundation ex-
tensions, projecting well beyond the extent of the cell, are not
required. The length of the foundation extension, if one is re-
quired, is usually established by the anchorage required for the

-reinforcing steel in concrete.

Barrier walls and their foundations that are integral with
larger structures (such as explosive manufacturing or storage fa-cilities) experience large rotational motions but are generally

not susceptible to overturning. The resistance to overturning is
generated by mobilizing the mass of the larger structure through
the foundation and other components of the larger structure (such
as the foundation walls shown in Figure 4). In these situations,
the foundation design is based on developing the blast wall ele-
ments. In some cases, depending upon the configuration of the
larger structure and the location of the barrier wall within it,
some portion of the resistance to the overturning motions may have
to be generated in the soil beneath the foundation. Two examples
of this condition are: an excessively tall interior barrier wall
restrained only by the foundation of the structure and a barrier
wall located at the end of a structural floor slab.

In these cases, the foundation is initially designed to
develop the blast wall element. Then, in order to determine the
peak soil pressures acting on the foundation, an overturning anal-
ysis is performed. The analysis considers the barrier wall actinq
"together with some effective segment of the structural foundation.
The foundation is then checked to insure that it can resist the
moments and shears produced by the peak soil pressures.

56



Simple cantilever wall barriers and single cell cubicles
generally experience relatively large gross motions, under the
action of blast loads, which are resisted entirely by the com-
pression forces developed in the soil beneath their foundation
extensions (see Figures 1 and 2). They are therefore highly sus-
ceptible to overturning. The compression forces in the soil im-
part shear and bending stresses in the foundation extension for
which the foundation slab must be designed. For single cell cu-
bicles, the foundations are designed both to develop the blast
wall elements and to resist the compression forces in the soil.
On the other hand, the foundation extension for a cantilever wall
barrier is designed primarily to resist the soil bearing pressures.
This comes about because the response of the cantilever wall bar-
rier on the soil closely approximates a true rigid body response.
Consequently, the only significant loadings on the foundation ex-
tension are the soil pressures generated as the structure responds
to the blast loads.

Designing the foundation ofa protective structure to
develop the strength of the blast wall elements is a relatively
simple task. Basically, the procedure entails designing the
foundation slab for the ultimate bending moment capacity of the
wall.

Designing the foundation for the overturning motions is
accomplished utilizing the computer program presented in Section 5.
As noted in Section 6.2.4, the bearing pressure-time history is
included in the printed output of the program.

' The foundation is designed to resist the peak bearing

th -tucture responds to the batlasS~~~~pressures generated as the strutriepnst h blast loads.

The foundation is usually a very stiff element and, therefore,
the time required for the bearing pressures to build to a peak is
much greater than the period of the element. Consequently, the
foundation must be capable of resisting the full load developed
in the soil. If the foundation were less rigid, it would not
provide sufficient strength to resist the overturning. Sometimes
a trade-off between the length of the extension and the maonitude
of the gross rotations can be made which will result in larger
rotations but a thinner foundation slab.

"The procedure and criteria for designing the foundation to
resist the bearing pressures in the soil are presented in App'.ndix C.
Included also are design examples which illustrate the procedure.
The procedure is applicable prim-rily to the desiqn of protective
structures (such as cantilever wall barriers and sinqle cell cu-
bicles) where the stability of the structure is a critical factor.
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Briefly, the procedure calls for designing the foundation for the
ranqe of properties (specified in Tables l and 2 of Section 4) for
the particular soil at the construction site. This is done because

i• the soils data normally available to the designer is at best a
tnbggross estimate of the actual properties. Therefore, the soil con-
ditions producing the largest overturning motions and foundation
loadings have to be considered in the design.

In some situations where soil stresses are quite large,
backup structural elements may be required to support the founda-
tion. This condition usually occurs in the design of very tall
structures where the simple type foundation slab would be exces-
sively long and thick. In these cases, buttress walls and foun-
dation beams can be provided to reduce the slab thickness. An
example of this is shown in Figures C.4 and C.5 of the Appendix.
These elements must be designed for the reactions of the foundation
slab when the peak bearing pressures are developed beneath the
structure.

The design of foundations for protective structures must
also satisfy conventional design criteria. The conventional cri-
teria, applicable to the normal working load condition (dead and,
if applicable, live load), limits the total settlement of the
structure and attempts to eliminate differential settlements in
various parts of the structure. To satisfy this criteria, it is
necessary that the structure foundation: (1) transmit the load
of the structure to a soil stratum of sufficient strength; and
(2) spread the load over a sufficiently large area of that stratum
to minimize the bearing pressure. If an adequate soil is not
found immediately below the structure, deep foundations such as
piles, are used to transmit the loa•d to deeper firmer layers.

Generally, the foundation of a protective structure de-
signed for the effects of the blast on the structure, will meet
the requirements of the conventional criteria. However, situations
may arise in which the conventional criteria will control the de-
sign of the foundation. An example of this is the structure of
Example C.2 of Appendix C. In this problem, the plan size of the
foundation is dictated by the requirement for P.aintainina the
bearing pressure below the specified allowable bearinq pressure
under the weinht of the structure. As a result, the foundation
extension required is larger than that which is needed to prevent
the structure from overturning.
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APPENDIX A

PROCEDURE FOR CALCULATING THE AVERAGE IMPULSE LOAD
ON

THE FOUNDATION SLAB OF A CANTILEVER WALL BARRIER

! A.l General

This appendix presents the data and the procedure for com-
puting the average impulse loads on the foundation slab of a can-
tilever wall barrier.

The method of calculating the average blast impulses was
developed by using a theoretical procedure based on semi-empirical
blast data and on the results of response tests of reinforced con-
crete slabs.

The parameters which are necessary to determine the average
V impulse loads are the structure size, charge weight and charge lo-

cation. Figure A.l shows the parameters necessary to determine the
average impulse loads.

PLAN

I {

I L

ELE VATION

Figure A.I Cantilever wall barrier configuration and

parameters.
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Cecause of the wide range of required parameters, the pro-
cedure for the determination of the impulse loads was programmed
for solution on a digital computer. The results of these calcula-
"tions, presented in Figures A.2 through A.13, give the scaled
average unit blast impulse i as a function of the parameters de-
fined in Figure A.l. Each illustration is for a particular com-
bination of values of Z/L and L/LF.

Because of the limitation in the range of the test data and
the limited number of values of the parameters given in the impulse
charts, extrapolation of the data given in Figures A.2 through A.13
may be required for some of the parameters involved. On the other
hand, the limiting values as given in the charts for other parameters
will not require extrapolation. The following are recommended pro-
cedures which will be applicable in most cases for either extra-
polation, or establishing the limits of impulse loads corresponding
to values of the various parameters which exceed the limits of the
charts:

a. Plot curve of values of Ti versus ZF for constant
values of RA/LF, LE/h, L/1F and !/L. Extrapolate
the curve to include the value of lb corresponding
to the value of ZF required.

b. Extrapolate given curve for constant values of ZF,
LF/hf LULF and 1/L, to include value of ib corres-
ponding to the value RA/LF required.

c. Plot curve of values of Tb versus LF/h for constant
values of RA/LF, ZF, L/LF and V!L. Extrapolate
curve to include value of ib corresponding to the
value of LF/h required.

d. Plot curves of values of ib versus L/L for constant
values of RA/LF, ZF, L/h and UTL. Exlrapolate
curve to include value of 'b corresponding to the
value of LULF required.

e. Values of i corresponding to values of !/L less
than 0.10 siall be taken as equal to those corres-
ponding to UIL - 0.10.
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A.2 Computation Procedure and Sample Problem

The computation of the average impulse load proceeds as
follows:

Problem: Determine the average impulse load on the foundation

slab of a cantilever wall barrier.

Procedure:

Step 1. Determine the following:

a. Charge weight

b. Structure dimensions, L, LF

c. Charge location parameters RA, h, I

Step 2. Apply a 20% safety factor to the charge weight.

Step 3. Calculate the chart parameters, I/L, L/LF,
RA/LF, LF/h and the scaled distance ZF.

Note: Use of the average impulse charts may
require interpolation in many cases.
Interpolation may be achieved by inspec-
tion for the scaled distance, ZF, and by
a graphical procedure for the art
parameters LF/h, L/LF and I/L usinn
2 cycle by 2 cycle logarithmic graph
paper. The following procedure will
illustrate the interpolation of all
three chart parameters.

Step 4. Determine and tabulate the values of the average
scaled impulse i from the impulse charts for
the required RA/LF and ZF and the followina
variables:

LF/h 1.25, 1.75, 2.5 and 4.0

L/LF 1.00, 3.00, 6.50 and 10.0

l/L 0,10, 0.25 and 0.50
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FOR REWUIRED RA/LF AND ZF

t/L 0.10 0.25 0.50

/ 1.00 3.00 6.50 10.0 1.00 3.00 6.50 10.0 1.00 3.00 6.50 10.0

;'[ LF/h

1.25

1.75

2.50

4.00

Figure A.2 A.3 A.4 A.5 A.6 A.7 ABd A.9 A.10 A II A.12 A 13

Step 5 a. Prepare three 2-cycle loq-lon charts with
LF/h as the lower abscissa, L/LF as the
upper abscissa, and Tb as the ordinate (one
chart for each of the i/L ratios). On each
chart for constant Z/L and ZF, plot Ib versus
LF/h for all L/LF values.

b. Using chart for I/L 0.10, read values of
versus L/LF for required LF/h. Tabulate

rf results.

FOR t/L O.10 AND REOUIRED LF/h

L/LF •b

0.10
0.25
0-50
0.75
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c. Repeat Step 5b for charts I/L : 0.25 and 0.50.
Tabulate results.

d. On each I/L chart, plot ib versus L/LF from
Steps 5b and 5c.

e. On each I/L chart, read Tb for required
L/LF ratio. Tabulate results.

FOR CALCULATED L/LF

i/L Tb

0.15
0.25
0.50
0.75

f. On a fourth chart, plot Tb from Step 5e versus
= .I/L.

Step 6. For required ilL ratio, read i from char,t of
Step 5f. Calculate the unit bIast impulse load
on the foindation:

ib Tb(oo)/

Example A.l: Computation of Averaae Impulse Load on Foundation
Slab of Cantilever Wall Barrier.

Required: Average inipulse load on the foundation slab of a can-
tilever wall barrier.

Step 1.. Given;

a. Charge weight: 8333-3 lbs

b. Structure dimensions (Figure A.IA):

L 48 ft LF .5 ft

c. Charge location parameters (Fiqure A.14):

RA 20 ft, h 3.5 ft, 1 20 ft
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Figure A.14 Example A.1: Dimensions of structure and charge
location parameters.
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Step 2. W 1.20(833.3) 1,000 lbs

* Step 3. Calculate the chart parameters:

/L= 0.42, L/LF = 5.65, LF/h = 2.43

RA/LF 2.35

ZF = h/W1/ 3 = 3.5/(1,000)1/3 0 0.35 ft/lb1 / 3

Interpolation is required for ZF, LF/h,
"L/LF and Z/L.

Step 4. Determine and tabulate the values of ib from
Figures A.2 through A.13 for RA/LF = 2.35,
ZF 0.35 (interpolate by inspection) and
for values given for Z/L, L/LF and LF/h.

The tabulation of the impulses is provided in
I Table A.l.

Step_5. a. Plot Tb versus L /h for the values of
L/LF and constan[ Z/L (Figure A.15).

b. Determine Tb for LF/h = 2.43, 7/L = 0.10
and various L/LF ratios by enterinq
Figure A.15(a) with LF/h 2.43.

L/LF

I 1.0 105
3.0 92
6.5 66
10.0 55

c. Repeat above step for ?/L 0.25 and 1.50
by entering (b) and (c) of Figure A.15
with LF/h c 2.43 (tabulation of results
not shown).

d. On each IlL chart, plot Tb (Steps 5b and
5c) versus L/LF [upper abscissa of (a)
through (c) of Figure A.15].
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-500~

e. Determilne foTr L/L -5.65 on each I/L
chart by enlring (a5 through (c) of
Figure A.15 with L/LF = 5.65 and reading
curve: plotted in Step 5d.

i/i Figureb

0110 70 A.15(a'
0.25 78 A.15(bj
0.50 86 A.15(c)

f. M~ot Tb (Step 5e) versus IlL (Figure A.16).

Step 6. For I/t 0.42 read Tb= 84 ps-ms/lbl/ cn
Figure A.16. Compute ib:

i b IbW 84(l0(J)~' 840 psi-ms
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'1 ' APPENDIX B

PROCEDURE FOR CALCULATING ARRIVAL TIME AND DURATION OF
<4 BLAST LOADS ON THE STRUCTURE

B.l Computation Procedure and Sample Problem

This appendix contains the procedure (described in Sec-
tion 3.3) utilized by the computer program to caiculate the arrival
time and duration of the blast loading on the structure. The pro-
cedure is based on the methods and empirical data presented in
Chapter 4 of Reference 1.

The computation proceeds as follows:

Problem: Determine the arrival and duration times of blast loads
;;, on structure.

Procedure:

L Step_1. Determine the following:

a. Charge weight

I: b. Structure dimensions

c. Distance from charge to back wall, RA

d. Height of charge above foundation slab, h

Step 2. Apply a 20 percent safety factor to the
charge weight.It

Step 3. Determine the minimum scaled distance from the
"charge to each loaded surface. With these
values, enter Figure 8.1 and read off the
curve labeled "tA/Wl/ 3 ", the scaled times of
arrival of the blast wave on each surface.

Step 4. Determine the scaled distances from the charge
to the four corners of each loaded surface.
Enter Fi gure M and read off the curve
labeled tA/W the sc-'?-d tfl;. of arrival
of the blast wave at these points. At the
.same Me, read off the curve labeled
"to/W the scaled positive phase durations

at these points.
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Step 5. Calculate the average time for the wave to
fully engulf each surface and the average
of the positive phase duration times at the
farthest points on each surface.

[(tA)]avg = .(tA)Fl + (tA)F2 + (tA)F3 + (tA)F4

'1 4

[(to)lavg (to)Fl + (to)F2 + (to)F3 + (to)F4
4

where:

(tA)F = arrival time at one corner of
surface

(to)F = positive phase duration at one
corner

(tA)avq = average time for wave to fully
engulf surface

(to)avq = average of positive phase dura-
tions at the farthest points.1 Step 6. Calculate the duration of the loading on each

surface using the following equation:

to A avg tA)A + [(to)1avg

where:

S(tA)A arrival time of the blast wave at
the point on the element nearest
to the explosion, defined by the
normal distance

Example 8.1: Cantilever wall barrier with foundation.

Required: Arrival time and duration of blast on cantilever wall
and foundation.

Step 1. Given:

a. Charge weight: 833.3 lbs

b. Configuration of structure (Figure B.2)
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c. RA=l12 ft

d. h =4 ft

Step 2. W 1.20(833.3) =1,000 lbs

Step 3. Determine the minimum scaled distance from
the charge to each loaded surface.

.1 w11  10 1bl/ 3

Minimum scaled distance to wall:

ZA= 12/10 ft(lb)1 / 3 = 1.2 ft(lb)1 1

From Fi gu re B.1I, (tA/W1 ) .1 ms/(lb)11

(tA)A =(10)(.1) 1.-0 ms

Minimum scaled distance to foundation:

ZF (4 )2 +(4) 2 /10 = .566 ft/(lb)1/3

From Figure B.1 (tA/Wl /3) =.0285 ms/(lb)1/3

(tA)A =10(.0285) =.285 ms

Step 4. Determine Z to the four corners of each
surface.

Wall:

z (4)2 + (8)2 + (12)2 /10

=1.496 ft/(lb)1 / 3

= (12)2 + (8)2 + (12)2 /10

1.875 ft/(lb)1 "

From F~igure 8.1 read:

(tAWl 3), .155 ms/(lb) 1/ 3

.090 i/l13
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(tA/W1/ 3 )3 = .23 ms!(lb) 1 /3

(to/W133= .13 ms/(lb) 1/ 3

Foundation:

Z= Z= 1.496 ft/(lb)1/3

Z5 =Z 6 = (42 +(4)2 + (8)2 /l0

.98 ft/(lb) 1/ 3

From Figure B.1 read:

t /3), .155 ms/(lb) 1/3

(tA)1 154 mWt)l=23'

S(t/wl/)a 2(1 .090 = 12m5/(b)/3

.9 =.073 ms/(Ib)2/3

[(tA/l/)w5v (9 213 .

{" ~(to/Wl/) .063 ms/(lb)I/3

{4

Stp . Calculate Nt) !.g and (t0)agfor the wall

and foundation:

; ~Wall :

(tA)l 1.5545 ms (tA)3 2.3 ms

[(tA)w]avg 2(0.55) + 2(2.3) 1.925 ms

4

(to)l .9 ms (t) .3 .ms

E(to)wav = 2(.9) + 2(l.3) 1.1 ms

4
1 0. 2 ms .73 ms

! • (toF~ag =2(.55) + .2(.73) 1.765 ms
, 4

(t) 9m t!5=.3m



Step 6. Calculate the durations (to) for the wall
and foundation.

Wall:

Ict ) I = 1.925 mns (t )=1.0 mns

o avg

(t = 1.925 -1.0 + 1.1 =2.025 ins

Foundation:

[(tA)Flavg =1.14 ms (tA)A =.285 mns

EUto)F~avq .765 mns

=t ) 1.14 -.285 + .765 =1.62 ins

Results:

Wall:

Arrival time 1.000 ins

Duration of Loading 2.025 mns

Foundation:

Arrival time 0.285 ins

Duration of Loading 1 .620 ins
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4 APPENDIX C
FOUNDATION DESIGN METHOD FOR

PROTECTIVE STRUCTURES SUSCEPTIBLE TO OVERTURNING

C.1 General

This appendix presents the criteria and procedure for
designing the foundations of protective structures susceptible
to overturning. The design procedure is illustrated by two sample
problems.

The design of protective structures susceptible to
overturning and/or sliding motions proceeds in tNo stages. In the
first stage, the walls of the structure are designed using the
criteria, methods and data provided in Chapters 5 and 6 of Manual
TM 5-1300 (Reference 1). The methods in the manual treat the
design of each blast-resistant wall of the structure individually.
The design is based on the assumption that the supports along the
periphery of an element are completely fixed against translation
and rotation and are capable of fully developing the strength of
the element.

In the second stage, the structure foundation is de-
signed for both the conventional working (dead and live) load
and blast load conditions. Design procedures for the dead and
live condition are well documented in textbooks on the design of
reinforced concrete structures (see Reference 7).

Designing the foundation for the blast load condition
requires performing an overturning analysis on the structure
using the Overturning Analysis Computer Program presented in Sec-
tion 5 of this report. The purpose of the analysis is to doter-
mine the peak response of the structure and the time history of
the bearing pressures acting on the structure foundation. This
data is used to determine the length of the foundation extension
(see Figures C.] and C.2) required to prevent the structure from
overturning or sliding (large distances) and the thickness of con-
crete and area of flexural reinforcement required to resist the
bearing pressures developed in the soil beneath the foundation.

C.2 Preliminary Tasks

C.2.1 Introduction

Two preliminary tasks must be accomplished before the
overturning analysis of the structure is performed. These tasks
are: (1) estimating an initial size of the foundation extension
for use in the analysis and (2) determining, with the test data
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available for the soil at the construction site, the soil proper-
ties to be used in the analysis.

Since some aspects of these tasks are rather complex,
a detailed discussion of them is provided before the design
method is presented. These tasks are included in the procedure
for designing the foundation.

A discussion of the preliminary tasks is presented in

the following sections.

C.2.2 Initial Estimate of Foundation Size

In order to perform an overturning analysis, the com-
plete geometry of the structure must be supplied to the computer

* program. As described in Section 5 of this report, the informa-
tion required consists of the configuration of the structure des-
cribed in terms of the number and sizes (length, height, thickness)
of each of the blast-resistant wall elements of the structure.

The sizes of the blast-resistant walls are determined
using the criteria, methods and data of Reference 1. Initially,
the size of the foundation is not known since the foundation de-
sign, to some extent depending upon the type of structure, is
governed by the results of the overturning analysis. To proceed
with the analysis, some reliable estimates of the foundation
dimensions are required. To this end, initial estimates of the
foundation dimensions are presented in the next several paragraphs.
These estimates are based on the results of several actual design
studies of protective structures susceptible to overturning.

Cantilever wall barriers, lacking massive sidewalls
which help prevent the structure from overturning, depend entirely
on the foundation extension and the soil beneath it to limit the
motions of the structure. Consequently, a relatively large foun-
dation extension is required. The initial foundation thickness to
be used in the overturning analysis should be approximately 1.25
times the wall thickness and the initial extension length utilized
should be approximately 45 percent of the height of the wall (see
Figure C.1). Sloping the bottom face of the foundation as shown
in Figure C.1 is permissible; but the angle between the bottom
face and the horizontal should be limited to 5 degrees. Larger
slopes will significantly decrease the moment arm of the resultant
of the soil pressures about the center of gravity of the structure.

Generally, cantilever barrier foundations should be
symmetric about the centerline of the wall unless building con-
straints dictate otherwise. If the analysis indicates that the

106



TW

EXPLOS IVE 7  BLAST
'ESISTANT

WALL

FOUNDATION
EX TENSION

ELEVATION

Figure CA1 Cantilever wall barrier - Estimated foundation
dimensions.
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estimated length of the extension is too short to prevent over-
turning, the foundation should be extended an equal amount on both
sides of the wail. This is more efficient than extending the
foundation outward from one side of the wall only.

Single cell barriers, as a rule, do not require long
thick foundation extensions to prevent overturning. The founda-
tion thickness is established by providing the foundation with
sufficien* bending strength (in both directions) to completely
develop the ultimate strength of each blast wall (backwall and
sidewalls, see Figure C.2). Generally, this is accomplished by
making the "dc" of the foundation equal to the maxim'Jm value of
"dc" For any of the blast walls ("dc" is the distance between
centroids of the tension and compression reinforcement in an ele-
ment, see Figure C.2). With "de" established, the areas of rein-
forcing steel (in both directions) are computed (using Equation
C.4) by equating the ultimate moment capacities of the foundation
with the moment capacities of the blast walls (see Figure C.3).
Using the computed areas of steel, the sizes of the actual rein-
forcing bars are chosen and the thickness of concrete cover (top
and bottom) is determined according to the provisions of Sectinn
7.14 of the ACI Code (Reference 8). The total thickness of the
foundation is the sum of "d&" (for the foundation), the diameter
of the outermost reinforcing bar and the thickness of the top and
bottom concrete cover. The length of the foundation extension is
established by providing the anchoio-e required for the reinforcing
steel in the concrete. As the foundation design is finalized,
after several overturning analyses, the required moment capacity
of the foundation (and area of reinforcing steel) within the cell,
can be reduced, as illustrated in Figure C.3; by subtracting from
the moment capacity of the wall the maximum moment developed in
the foundation extension during the overturning response to the
blast loads.ii

In sowe protective structures, the simple type founda-
tion extension required to prevent overturning of the structure,
will be excessively Iong and thick. This usually occurs in the
following situations: (1) cantilever walls with heights exceeding
20 feet and (2) single cell barriers in which the ratio of the
cell height to the length of the foundation, within the cell,
exceeds 1. Exariples of these conditions are illustrated in Fig-
ures C.4 and C.5. In these situations, backup structural ele~vnts
(such as the buttress walls shown in Figures C.4 and C.5) are re-
quired to support the foundation. For the purpose of 'erfor.ing
the overturning analysis, an estimate of the foundation thickness
can be r•ade by following the guidelines suggested in the preceding
paragraph for single cell barriers. In this situation, however,
the moment capacity provided for the foundation is one half of the
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moment capacity of the backwall element, since the rigid supports
provided for the foundation extension (see Figures C.4 and C.5)
produce a condition in which the ultimate bending strength of the
foundation extension slab can be developed. Generally, the length
of the foundation extension required will be approximately 40 per-
cent of the height of the wall.

Using the estimated dimensions of the foundation pre-
sented in the preceding paragraphs, an analysis should be performed
to determine the bearing pressure in the soil beneath the structure
for the working load condition (dead and live loads). Decisions
regarding the manner in which these loads are to be transferred to
the supporting soil (i.e., through foundation bearing on soil or
through piles) should be made prior to performing the overturning
analysis in order to insure that the finalized foundation design
is adequate for this load condition.

C.2.3 Correlation of Soils Data and Overturning
Design Criteria

As discussed in Section 4.3 of this report, the soil
data usually available to the designer is limited to the results
of a minimum of shallow test borings together with a visual des-
cription of the soil encountered and the blow count from standard
penetration tests. In Tables 1 and 2 of Section 4, a correlation
of soil properties with the above data was presented. This cor-
relation provides the designer with the means of determining the
properties of the soil (at the construction site) for use in the
overturning analysis.

The properties of the soil grossly affect the response
of the structure. Therefore, these properties have a large impact
on the foundation design. Tables 1 and 2 of Section 4 provide
for a particular soil, the properties in the soft or loose condi-
tion and the compact or hard condition. The actual condition of
the soil at a given site will be somewhere between these extremes.

In order to account for the most severe design condi-
tions for both overturni;ig and strength, the structure is analyzed
for both conditions of the soil. The response of the structure on
the soft condition of the soil establishes the length of the foun-
dation extersion required to prevent overturning, whereas the res-
ponse of the compact condition of the soil dictates the thickness
of concrete and amount of reinforcing steel required for the foun-
dation extension to resist the bearing pressures developed in the
soil beneath the structure.
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Figure C.7 Definition of overturning angle.
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Generally, rotations of the structure that approach
E the point of incipient overturning (as defined ir Figure C.6) can

be tolerated. Therefore, for the design to be efficient, the peak
response of the structure on the soft soil should approach in-
cipient overturning. To insure that the structure will not over-
turn on the soft soil, the peak rotation of the structure on the
compact soil is limited to a percentage of the overturning angle
(defined in Figure C.7). The results of sevwral design studies
indicate that limiting the peak rotation of the structure on the
compact soil to a value of approximately 40 percent of the over-turning angle will insure that the structui-e will not overturn,

but will approach a peak response of incipient overturning on the
soft soil.

The guidelines presented in the previous paragraph are
utilized in the design of the foundation extension by performing
a series of overturning analyses. After each analysis, the dimen-
sions of the foundation extension are modified, according to the
analysis results. This process is repeated until the results of
the analyses, for both soil conditions, indicate that the structure
rotates to 40 percent of its overturning angle on the compact soil
and does not overturn on the soft soil. This procedure is generally
applicable to cantilever wall barriers o~ily. However, it can be
applied to single cell barriers provided it does not alter the

* foundation dimensions to the extent that the following minima are
not maintained: (1) the minimum length of the foundation extension
required for anchorage of the reinforcement in the concrete or (2)
the minimum required plan size to transfer the conventional (dead
and live) working loads to the supporting soil without exceeding
the allowable bearing pressure for the soil. In the event that
piles are utilized, Ite' (2) can be ignored.

The criteria presented in this section and the data
presented in Section 4.3 are intended to be used when more reliable
soil data are not available. If more reliable data are available,

* the structura should be analyzed for the specific properties de-
rived from the data. In this situation, the structure can be per-
mitted to 'otate to the point of incipient overturning under the
action of the blast.

C.3 Design Criteria for Foundation Extensions

C.3.1 Introduction

As the structure responds to the blast loads, high
bearing pressures are developed in the soil beneath the foundation
extension. These pressures impart shears and bending moments in
the foundation extension for which the foundation slab must be
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designed. Since shear reinforcement is not utilized, the thick-
ness of the member will generally be dictated by the shear design.
Basically, the design involves determining the thickness of con-
crete required to resist the peak shear load and the area of re-
inforcing steel needed to resist the maximum bending moments.

There are two types of foundation extensions utilized
with protective structures. Most structures require only the
simple type extension shown in Figures C.A and C.2. The extension
behaves essentially as a cantilever beam. Generally, a short deep
member will be required to resist the applied shears. In most
cases, the desiyj.i of the simple type extension will fall under the
deep beam provisions of Section 11.9 of the ACI Code (Reference 8).

Tall barriers will generally require a more complex
foundation system such as those shown in Figures C.4 and C.5. In
these situations, the foundation behaves as a two-way member with
a portion of the applied soil bearing pressures reacted by the
buttress walls. The two-way action will generally result in a
thinner foundation slab which is designed using the methods and
data of SecLion 5, Reference 1.

In the following sections, the equations for the allow-
able concrete shear stresses are presented for both types of foun-
dation extensions. Presented also are the equations for computing
the ultimate unit resisting moments of the foundation. In addi-
tion, minimum areas of flexural reinforcement are specified.

C.3.2 Thick Foundation Extensior

it The term "thick foundation extension" applies to mem-
bers having a ln/d, ratio of less than 5 where the term "In" is
the clear span of the member to the face of the support (see
Figure C.8) and "d" is the distance from the extreme compression
fiber to the centroid of the tension reinforcement. Generally,
the simple type foundation extension will usually fall into this
category.

The allowable shear stress carried by the concrete is
computed according to the following equation:

vc : -[3.5 (2.5Mcr)/Vud][l.9,r-F + 2,500Pw(Vud/Mcr)]

(C.l)

except that the term "[3.5 - (2.SMcr)/Vtd]" shall not exceed 6'1f.
The terms in the equation are defined on the following page.
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capacity reduction factor

= 0.85 for all sections

vc nominal permissible shear stress carried by
the concrete, psi

Mcr applied design load moment at the critical

section, in-lb

S•Vu total applied design shear force at critical
section, lb

d distance from extreme compression fiber to
* centroid of tension reinforcement, in

=fc specified compressive strength of concrete, psi

Pw = ratio of area of flexural reinforcement to area

of concrete within depth "d" and width "b'

Si = As/bd

b = width of the compression face, in.

This equation, with the exception of the q factor, is
presented in Section 11-9 (Equation 11-22) of the ACI Code. To be
consistent with the convention utilized in Reference 1, the capac-
ity reduction factor is applied to the allowable stress instead of
to the applied stress (which is the method of Reference 8).

The applicability of Equation (11-22) is restricted by
the ACI Code to deep beams (ln/d < 5) loaded at the top or com-
pression face (as in simply supported beams). In this report, the
applicability of this equation is extended to the simple type
foundation extensions (of protective structures) which have an
1 /d ratio of less than 5. These members are cantilevered from
tie backwall elements and hence, loaded at their tension faces.
However, the same load-carrying mechanism (arch action) Is devel-
oped in the deep cantilevered foundation extension as exists in
the deep beam loaded at its compression face (see Reference 9).
Therefore, until further test data indicate otherwise, it is con-
sidered appropriate, in this instance, to use this equation for
determining the permissible shear stress carried by the concrete.

The critical section for shear is taken as 15 percentof the clear span (0.15 I1) of the member measured from the face
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of the support. This value is specified in Section 11.9.3 of Ref-
erence 8 and it applies to deep beams loaded by uniformly distrib-
uted loads.

C.3.3 Thin Foundation Extension

In situations in which the clear span of the foundation
extension is greater than 5 times the "d" distance, the provisions
of Section 5.3 of Reference 1 are utilized to determine the per-
missible shear stress carried by the concrete. Generally, founda-
tion slabs which behave as two-way members will fall into this
category.

The permissible shear stress carried by the concrete is
computed using Equation 5-10 of the reference. This equation is
provided below (Equation C.2). The parameters in the equation are

Y defined in Section C.3.2.

vc (l .9/Tc + 2,500%j) < 2.28 4 fc_ (C.2)

In a thin member, the critical section for shear is taken at a
distance of "d" from the face of the support.

C.3.4 Ultimate Resisting Moment

When designing the foundation extension to resist the
build-up of soil bearing pressures beneath the structure, the
ultimate unit resisting moment of the member is computed utilizing
the following equation:

. Mu (Asfs)[d- (a/2)]/b (C.3)

wherein:

Mu ultimate unit resisting moment, in-lb/in

As :area of tension reinforcement within
the width b, in2

fs •static design stress for reinforcement, psi

d distance from extreme compression fiber
to tension reinforcement, in

a depth of equivalent rectangular stress
block, in

As fs /0.85bfc
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b = width of compression face, in

"= specified compressive strength of
concrete, psi.

SGenerally, in blast design, an equal amount of flexural reinforce-
ment is provided at both faces of the member. In most cases,
however, the ultimate moment capacity of the member can be ap-
proximated within acceptable limits, by disreqarding the rein-
forcement in the compression face. Equation C.3 reflects this
approximation.

When designing the foundation to develop the strength
of a blast wall element, the ultimate unit resisting moment of the
member is computed using the following equation:

Mu Asfdsdc/b (C.4)

The parameters in this equation are defined in the precedinq para-
graph with the exception of tne quantities "fds" and "dc" which
are defined below:

fds dynamic design strength for the
reinforcement which is determinedaccording to the provisions of

Section 5-6 of Reference 1, psi

dc distance between the centroids of the
-c •compression and tension reinforcement, in.

C.3.5 Minimum Flexural Reinforcement

In order to insure the proper structural behavior and
also to prevent excessive cracking and deformations under conven-
tional loadings, the minimum areas of flexural reinforcement
listed in Table C.1 are reconmmended. The areas specified are the
minimum areas of reinforcement at the tension face of the member.
An equal amount of steel should be provided at the compression
face also. The quantities specified in the table were extracted
from Table 5-1 of Reference 1.

Table C,1 is presented on the following page.

119



TABLE C.1

MINIMUM AREA OF FLEXURAL REINFORCEMENT

One-Way Two-Way
Reinforcement Elements Elements

Main As = O.0025bd As = 0.0025bd

Other As = O.OO1ObT As = O.O018bd

The parameters in the table are defined in Section C.3.3 with
the exception of "Tc which is defined as the total thickness of
the member.

C.4 Foundation Design Procedure

C.4.1 Introduction

"The method outlined below utilizes the overturning
analysis computer program to compute the response of the structure
on its supporting soil. The result- of the computerized analysis
(the time history of the soil bearing pressures) are utilized to
design the foundation extension of the structure.

The presentation of the desiqn procedure is divided into
two parts. In the first part (Steps 1 through 9), the emphasis is
on establishing the length of the foundation extension required to
prevent overturning and/or slidin,- of the structure. This is ac-
complished by a series of overturning analyses in which the lennth
of the foundation extension is either increased or decreased de-
pending on the results of the previous aralysis. The overturning
analyses are continued until a satisfactory result is achieved.
The second part of the procedure (beginning with Step 10), deals
with the methods for designing the foundation extension to resist
the peak bearing pressures in the soil. As the overall procedure
is intended to be applicable to structures with either the simple
(cantilevered) or the more complex type (tvoa-way member supported
on three or four sides) foundation extension, the second part of
the procedure is divided into two separate presentations. One
presentation, consisting of Steps l0a through 15a, deals exclu-
sively with the design of the simple type (cantile'ered) extension.
A separate presentation, consistinq of Steps lob t':,. 17b, is
provided which treats the design of the more con-•Iex (two-way me-
ber) type foundation extension. The material is presented in this
manner because the procedures for designing both types of founda-
tion extensions follow different paths to a final Solution. The
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desi.jn of the simple type extension proceeus in a straightforward
manner in which the member is proportioned and the reinforcing
steel is supplied to resist the applied shears and bendinq moments,
which are calculated using the soil bearing pressure-time history
from the computerized overturning analysis.

The two-way member is designed in an indirect manner.
Briefly, the procedure involves determining the amount of flexural
reinforcement renuired for the foundation extension to have an
ultimate resistance in bending which is equal to or rIreater than
the peak design load. The ultimate resistance of the element in
bending is computed using yield line theory. After the amount of
reinforcement is determined, the element is checked for shear and,

¶ if necessary, its thickness is increased until the ultimate re-
sistance of the element in shear equals or exceeds the applied load.
The applied shears and bending moments are not utilized to design
the member. A direct 'computation of these quantities is, for a
two-way element, an extremely complex "isk requiring the utiliza-
tion of elastic plate bending theory and numerical methods (such
as the finite element technique).

"* C.4.2 Aralysis

The procedure cofnienc-s after the -design of the blast-
"resistant wall elements has been completed. Pt this point, the
designer has available the fnllow nq data* (1) th- configuration
of the structure that is required . confine th, explosion, (2)
the sizes and desigr.' details of all uf the 9iast-resistant wall
elements (including thickness, amount of remnforcing steel) and
(3) the averaqe unit impulse loads on the wdll eements. From
this point, the analysis proceeds as follows:

Problu: Design the founlation extension of a protective struc-
ture susceptibl. to overturning and/or sliding.

Procedure:

Step 1. F'stablish the design parameters:

a. C nfiquration of structure and desiqn
details of blast wall elements

U. Ouantities and locations of explosives

c. Available test and descriptive data for
scil at construction site
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d. Design strength of concrete and rein-
forcinq steel

Step z. Based on the configuration of the structure
and the c.idelines of Section C.2.2, estimate
the dimensions of the foundation extension to
be utilized in the overturning analysis. For
single cell barriers or barriers supported by

:. 3uttress walls, deter;,ine the area of rein-

forcement required for the foundation to
develop the strength of the backwall and side-
walls of the structure.

_ 3t . Determine the soil bearing pressures beneath
the foundation (using the foundation dimensions
estimated in Step ?) for the working (dead and
live) load condition.

The foundation mast have sufficient plan size
to transfe- the dead and live loads to the sun--ortin soil without ,,xceeding the allowable
bearing oressure for the soil. If the allow-
able bearinq pressure is exceeded, the length
and, where feasible, the width of tne founda-
tion snnuld be increased in order to provide
the plan size required. If an excessively

large plan si.e is required, piles should be
Leus•. In any event, the plan size should not
be decrease unless the results of the subse-
quent overturn inn an iyvsis indicate otherise.

Step 4. Apiplv a ?V nercort safety factor to the cnarqe
w.,elcihts and detert-mine t , a,•,eraie unit i.*)se
loads otn th•e •:7,,u|ation slob ý4ithin ttee cell.
To detetýine Vft load.s on the foundations of
CantiileAer •,ŽliI barr'rerS, utiliize di}e impulse
charts and. th i nterpoiatiou w~eth•od of .Appeiidix

.4. ~ ~ ~ 1ý -H igi ~i a ers, use 40he r~ethods
and Itata of fRefr..P I or the crpmutOr pro(gram
of Reference 2 to deter-ine thU itpulse loads
on the foutnation at ½. if the structure con-
.ficration ,oe;n r •rýnion to_. any 0! those
shov,,n in riure U, the arrival time and dura-
tion of the tiost loads on (,ach loaded surface.
prodimed 11- ta ch !-L,'insite=aq have t,_o be
cor At-d Ivy Nind ut ii d i ... the procedure and
dati Rresen n AnZŽn~ii- $.
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Step 5. Correlate the available test and descriptive
data for the soil at the construction site
with the data of Tables 1 and 2 of Section 4.3
"and establish the range of critical soil prop-
erties to be utilized in the analysis. The
structure is analyzed for both the soft and
compact conditions (specified in the tables)
of the actual soil. In the event that more
accurate data are available, only the actual
soil condition need be considered in the
analysis.

St6. Prepare the input data for the computer program
according to the instructions of Section 5.
Generally, two data decks are required, each
containing the properties (determined in the
previous step) for one condition of the soil.

Step 7. Run the two analyses (if two are required)
utilizing the overturning analysis computer
program.

Step 8. Inspect the resdlts of both analyses and de-

termine for each:

a. If the structure reached its peak response:

In the event that the structure failed to
attain its peak response, rerun the analysis
utilizing more integration time steps.

r b. If the structure overturned:

If the structure overturns, it will do so
on the soft condition of the soil. If
this occ-',s, the length of the foundation
extension will have to be increased and
both analyses rerun.

c. If the structure experienced excessive
horizontal (sliding) displacements under
the action of the blast:

The horizontal displacements become a
factor when explosives are stored nearoy.
In this situation, there is dangier of the
structure sliding into the explosives and
detonating them, thereby propagating the
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explosion. Generally, large sliding
IN motions will occur on the cohesive (clay)

soils. This condition is remedied by
adding mass to the structure foundation
in order to increase the friction forces
between the structure and the soil. The
added mass will also lower the center of
gravity of the structure which causes the
toe of the foundation to penetrate further
into the soil thereby de.reasing the
sliding motions. However, this will in-
crease the rotations of the structure and
therefore the foundation extension may
have to be lengthened, depending on the
results of the previous analysis. The
revised structure is always re-analyzed
for both conditions of the soil.

Further evaluation of the results is de-
ferred until both analyses indicate that

p 7  •the structure attained its peak response
and will neither overturn nor translate
large distances under the action of the
blast.

Step 9. Once the conditions of Step 8 are satisfied,
"evaluate the results of the analysis in order
to determine if any further modification of
the foundation dimensions is required. These
added modifications are required when the
analysis indicates that the structure attains
peak rotations which are far less than whatV is permitted. In most cases, analyses of the
structure supported by both a soft and a com-
pact soil are required and generally, the
foundation extension can be shortened until
the results of the analyses indicate that the
structure rotates to 40 percent of its over-

. turning angle on the compact soil, provided
the decreased length of the foundation exten-
sion dees not violate the design criteria in
Section C.2.3.

In the event that more accurate soils data are
available, the structure can be allowed to
rotate to the tpaint of incipient overturning
(see Figures C.6 and C.7).
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C.4.3 Design: Simple Type Foundation Extension

Once satisfactory results are obtained from the analysis,
the detailed design of the foundation extension commences. The

procedures utilize the bearing pressure time history printed out
by the computer program. In most cases, analyses are performed for
the structure supported cn both the soft and compact conditions of
the actual soil. The foundation extension is designed for the
bearing pressures developed on the compact soil.

This section treats the design of simple type (canti-
levered) foundation extensions of the type normally utilized with
cantilever wall barriers and single cell barriers. In this sec-
tion, the instructions (steps) are labeled with the suffix "a"
(i.e., Step l1a.) to distinguish them from the instructions pre-
sented in the next section.

The computation proceeds is follows:

{. Step 10a. Determine the location of the critical
section for shear according to the provi-
sions of Section C.3.

Step lla. Determine from the printout of the soil
bearing pressure time history, the peak

shear (and corresponding bending moment for
thick sections, Ln/d < 5) at the critical
section for shear and the peak bending
moment at the fa&c of the support.

These quantities (Vu, M and MU) are com-I puted by the program for cantilever wall
barriers. For other structural configura-
tions, these quantities must be computed
manually.

Generally, the bearing pressure distributions
at several timte stations are investigated to
determine the peak shear and bending moments.
W-n the computation is performed by the
c • puter program, the bearing pressure dis-
tribution ht every integration time station
is investigated.

The peak shear usually occurs when the point
on the foundation with zro bearing pressure
approaches the critical -section for shear on
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the extension. Figure C.8 shows the config-
uration of the bearing pressure distribution
curve and identifies the design parameters
and critical sections for shear and bending.
The figure also illustrates the order in
which the bearing pressures are printed out
by the computer program.

Figure C.9 shows the free body diagrams for
computing the peak shear and bending moment
on the foundation extension. The shear is
determined by computing the area within the
bearing pressure distribution curve. The
bending moment is determined by computing
the moment of the area within the bearing

!I pressure distribution curve about the de-
sired location on the extension.

Step 12a. Determine the allowable shear stress that
can be carried by the concrete using the
equations provided in Section C.3.

Step 13a. Determine the thickness of concrete ("d")
required to carry the peak applied shear
load.

d Vu/Vc

: ;where:

Sd distance from extreme compression
fiber to tension steel, in

Vu peak applied shear load, lb/in

.vc - permissible shear stress carried
by concrete, dsi

Step 14a. Determine the area of the flexural (main)
reinforcenmnt required using the peak applied
bending moment (at the face of the support)
in Equation (C.3). At the same time, compute
the area of reinforcement, perpendicular to
the main reinforcement, according to the
"provisions of Table C.1.
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Figure C.8 Design parameters - Simple type foundation
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Step 15a. Determine the actual thickness of the foun-
dation using the following equation:

Tc d + db/ 2 + c (C.5)

where:

Tc= thickness of foundation, in

d distance from extreme compression
fiber to centroid of tension
reinforcement, in

db diameter of tension reinforcement
bar, in

c thickness of bottom concrete
cover specified in Section 7.14
of Reference 8 (always 3 inches)

"Depending on the configuration of the struc-
ture, a significant decrease in the founda-
tion thickness could result in a substantial
increase in the peak rotation of the struc-
ture. This is generally the case with can-

tilever wall barriers; therefore, if the
foundation thickness computed is much less
than the thickness used in the overturning

- Ianalysis, repeat the analysis with the re-
vised foundation thickness in order to
verify the final design. The verification

* analysis is generally not required for
single cell barriers.

This completes the design of the simple type foundation

extension.

C.4.4 Design: Two-Way Foundation Extensions

This section treats the design of foundation extensions
which behave as twvo-way members. In this section, the instructions
(steps) are labeled with the suffix "b" (i.e., Step lOb.) to dis-
tinguish them from the instructions presented in the previous
section.

The computation commences upon the satisfactory
completion of the overturning analyses (Step 9).
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The computation proceeds as follows:

Step lOb. Determine, from the output of the computer
program, the design loading for the foun-
dation extension. The design loading is
defined as the soil bearing pressure dis-
tribution corresponding to the maximum total
load on the portion of the surface area of
the foundation extension which is beyond the
critical section for shear ("d" from support)
as shown in Figure C.10.

Step llb. Establish the initial amount of flexural
reinforcement (for the foundation extension)
to be used as a starting point in the design
computations. The thickness of the founda-
tion and the amount of flexural reinforce-
ment in the direction perpendicular to the
backwall element (see Figure C.11) are de-
termined in Step 2 on the basis of providing
the ultimate moment capacity required to de-
velop the strength of the blast wails. For
the reinforcement parallel to the backwall
element, utilize the minimum area of reir.-
forcement specified in Table 0.1. The same
.:nount of reinforcement should be supplied
at both faces of the member. If the area
of reinforcement perpendicular to the back-
wall is less than the minimum quantity spec-
ified for the main reinforcement, the area
of reinforcement parallel to the backwallf' must be greater than the specified minimum
for the main reinforcement.

Step 12b. Compute the ultimate positive and negative
bending moment capacities in both directions
for the foundation extension using Equation
C.3.

Step 13b. Utilizing yield line theory, compute the
ultimate resistance in bending of the foun-
dation extension. The computation is per-
formed for a load distribution which has the
same characteristics as the design load
acting on the foundation. Section 5-10 of
Reference I presents a discussion of yield
line theory and illustrates the computation
of the ultimate resistance for a member sub-
jected to a uniform load. The same methods
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are utilized in this problem for a member
loaded by a trapezoidal load distribution.

Step 14b. Compare the computed resistance with the
actual design load. If the computed re-
sistance is greater than the applied load,
go on to the shear design (Steps 15b and 16b).

If the computed resistance is less than the
applied load, increase the area of reinforce-
ment in the direction parallel to the back-
wall element and recompute the ultimate re-
sistance. Repeat this computation until the
computed resistance of the foundation exten-
"sion equals or exceeds the applied load.

Step 15b. Based on the final location of the yield
lines (computed in Step 14b.), compute the
shear stress, produced by the design load,
at the critical section for shear for each
sector of the foundation (see Figure C.12).
The design shear load for a sector is simply
the applied load on the portion of the sector
beyond the critical section For shear. The
applied stress is computed by dividing the
design shear load for the sector by the
product of the width of the sector at the
critical section and the depth of concrete("d").

A discussion and illustration of the shear
stress computation is presented in Section
5-20 of Reference 1.

Step 16b. Compute the allowable shear stress for the
concrete using Equation C.2. Compare the
allowable shear stress with the applied
shear stress.

11 the applied shear stress is less than the
allowable shear stress, pr-oceed to the next
step.

If the applied shear stress is greater than
the allowable shear stress, increase the
thickness of the foundation and proportion
the areas of the reinforcement such that the
revised foundation has vroughly the same
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bending moment capacities as the original
foundation. If, in proportioning the areas
of reinforcement, the area of the steel in
one or both directions falls below the minima
specified in Table C.l, use the minimum areas.

Recompute the following for the revised
foundation:

1. Yield line location

2. Ultimate bending resistance of the
member

3. Shear stress at the critical section
for shear at both sectors.

Repeat the above computation cycle until
the results indicate that the applied shear
stress is less than the allowable shear
stress for the member.

Step 17b. Compute for all sectors the shear load at the
face of the supports. Usino these shear
loads, design the elements (such as buttress
walls or foundation beams) supmorting the
foundation extension.

This completes the design of the two-way foundation
extension.

,C.5 Example C.I: Cantilever Wall Barrier

Example C.A: Design of the foundation extension for a cantilever
wall barrier.

Required: Determine the length, thickness and amount of reinforcing
steel required for the foundation extension of a canti-
lever wall barrier.

Step 1. Given:

a. Configuration of the structure and details
of the wall which is desiqned to the in-
cipient failure condition (r~t.vre C.13).

b. Quantity of explosive: three charqes each
weighing 1 ,900 lbs (TNT) and located as
Shown in Figure C.13.
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c. Soil data available:

Description: Gravel

Compaction: Medium

Blow count: 40

,Ji Allowable bearing pressure: 5 tons/ft 2

d. Design strength for building materials:

1. Concrete f' = 4,000 psi

2. Steel fy = 60,000 psi
7y

Step 2. Estimate the dimensions of the foundation
extension to be used in the overturning
analysis.

Thickness of wall: (TW) = 6.25 ft

Height of wall: (HW) = 16.25 ft

Estimated thickness of foundation extension:

TS = 1.25(TW) = 1.25(6.25) = 7.81 ft

Use 7.83 ft = 7 feet 10 inches

Estimated length of foundation extension:

"LF .45(HW) = .45(16.25) = 7.31 ft

Use 7.5 ft = 7 feet 6 inches

For an efficient design, the foundatinn should
be symmetrical about the centerline of the wall.

Step 3. Determine the soil bearing pressure for the
weight of the structure.

Estimate weight of structure:

SW (16.25(6.25) + [2(7.5) * 6.25](7.9))1(52)(150)
2,000

1,045 tons
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Surface area of foundation:

A - 52[2(7.5) + 6.25] = 1,105 ft 2

j Allowable bearing pressure 5 T/ft 2

Bearing pressure 1,045/1 ,105

= 0.95 T/ft 2 < 5 T/ft 2

The foundation is adequate for the dead and
live load condition.

Step 4. Determine the average impulse loads on the
foundation slab.

Design charge weight = 1.20(W)

= 1.20(1,900) = 2,280 lbs

"Using the procedure and data provided in
Appendix A of the report, the following
average impulse loads on the foundation
slab are computed:

WI: ib = 4,400 psi-ms

W2 : ib = 4,800 psi-ms

W3 : Tb 4,400 psi-ms

Since the structure is a cantilever barrier.' with a configuration similar to tha one

shown in Figure 12, the remaining loading
data, consisting of the times of arrival
and load durations, will be computed by
the program.

Step 5. Establish the range of critical soil properties
to be utilized in the analyses.

The field dpscriptlon of the soil [Item (c)
Step 1] and the results of the penetration
tests indicate that the soil is a medium com-
pact gravel. Therefore, the structure is
analyzed for the properties of the lonse and
very compact gravels provided in Table 1 of
Section 4.3. The properties utilized in the
analyses are presented on the following page.
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Loose Very Compact

Modul us of
Elasticity (psi) 3,000 20,000

Poisson's Ratio 0.2 0.15

Friction Factor 0.6 0.70

Step 6. Prepare the input data decks for the computer
program.

Since the structure is a cantilever barrier,
the "Normal Option" mode of the computer
program is utilized to analyze the structure
(see Section 5). The input data deck for
the analysis of the structure on the compact
gravel is presented in Appendix D.

Step 7. Run the analyses on the CDC 6600 computer
using the overturning analysis program.

Step 8. Inspect the results of the analyses.

A po'tion of the printed output for the
analysis of the structure on the compact
gravel is presented in Appendix D,

The following is a summary of the peak res-
ponse parameters for the structure on both
the loose and very compact gravel.

t Loose niravel:

Maximum rotation of structure 36.200

Maximum horizontal displace-
mwit of foundation 10.00 inches

Ratio of maximum rotation to
o' oerturnlng angle 0.70

Very cof.act kiravel:

Maximum rotation of structure 20.100

Maximum horizontal displace-

ment of foundation - 3.80 inches
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Ratio of maximum rotation
to overturning angle = 0.39

Inspection of the above tabulation of the
results indicates that, in both analyses,
the structure:

a. Has reached its peak response.

b. Did not overturn.
Sc. Did not experience excessive horizontal

(sliding) displacements.

Therefore, the design proceeds to the next
* step.

Step 9. Inspection of the results (peak rotations),
summarized in Step 8, indicates that no
further modifications of the foundation
dimensions for overturning and/or sliding
are required; therefore, the design can
proceed to the next step.

Step 10a. Determine the location of the critical sec-
tion for shper.

in 1 6.50 ft = 78.0 inches

TS 7.81 ft 94.0 inches

r Assume 4 inches for the bottom cover and

tension reinforcement.

d = 94.0 - 4.0 = 90,0 inches

In/d 78.0/90.0 .87 < 5.0

According to the provisions of Section C.3.2,
the foundation is considered a thick section
and the critical section for shear is 0.15 InI from the face of the support.

Icr 0.15 In 0.15(78) 11.7 inches from
the haunch
(see Figure C.14)
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Step lla. Determine the peak shear (and the corresponding
bending moment) at the critical section for
shear and the peak bending moment at the face
of the support. These quantities are computed
for the response of the structure on the com-
pact gravel.

Although these quantities are computed by the
program, the hand calculation is presented to
illustrate the procedure.

The soil bearing pressures at three time sta-
tions are investigated. Figure C.14 shows the
location of the critical sections for shear
and bending on the foundation extension. The
locations of the soil element attachment points
are also shown in the figure. A portion of
the printed output of the bearing pressure
time history is provided in Appendix D. The
pressure distributions for which the shears
and bending moments are computed are shown in
Figure C.15. The shears and bending moment
are computed for a 1-inch wide segment of the
foundation extension.

The computations are presented below:

at t 0.04286 second:

:cr (479.5 - 233.6 (46.9) + 233.6•. Pcr -(4)(28.3)

335.5 psi

: Ps = (479.5 - 2336)35.2 + 233.6

310.1 psi

•Vu (335.5 + 479.5)(66.3)
2

* • . 27,017 lb/in

Hu (310.1)(78)2 + (479.S- 310., l)C7.J
2 3

1,286,867 in-lb/in
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255am
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SOIL ELEMENT ATTACHMENT POINTS

Figure C.14 Example CAl: Locations of critical sections of
foundation extension for shear and bending.
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F-CRITICAL SECTION FOR BENDING

-*CRITICAL SECTION FOR SHIEAR

* ~28.3 (TYP.)

If 46.9

233,6 psi

SPcr.t  479.5 Psi[ ISOIL BEARING PRESSURE DISTRIBUTION ATt=O.04286 SEC.

L.-CRITICAL SECTION FOR~ BENDING

k-CRITICAL SECTION FOR SHEAR

6.9

18.6*

pt, '4549.71)li

SOIL BEARING PRESSURE DISTRIBUTION AT t=0.05356 SEC.

-CRITICAL SECTION FOR BENDINGWIhCRITICAL SECTION FOR SHEAR

I21.49AVW
1 9.7-

PS

SOIL BEARING PRESSURE DISTRIBUTION AT?:O.05891 SEC.

Figure C.15 Example Cil: Foundation extension design loadings.
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at t = 0.05356 second:

Pcr =(549.7 - 311.4)(18.6) + 311.4(3)(28.3)

= 363.6 psi

Ps =549.7 - 311.4)(6.9) + 311.4• ~(3)( 28.3 )

= 330.6 psi

Vu (363.6 + 549.7)(66.3)
2

= 30,276 lb/in

M,- (330.6)(78)2 + (549.7 - 330.6)(7812
2 3

1,450,020 in-lh/in

at t = 0.05891 second:

Pcr (18.6/28.3)(396.9)

260.9 psi

Ps = (6.9/28.3)(396.9)

96.8 psi
Vu [(572.7 + 396.9)(2)(28.3)1

2
j + [(396.9 + ?60.9)(9.7)1

2

30,630 lb/in

Mu 96.8( 21 ÷ (396.9 96.-)(21.4)2
2 3

+ (396.9)[(2)(28.4)][(Z)(28.3)/2 21.4]

+ (572.?- 396.9•(28.3)[(4)(28.3)/3

+ 21.4)
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1,478,660 in-lb/in

The peak shear occurs at t = 0.05891 second.

The corresponding bending moment at the
critical section for shear is computed as
follows:

Mcr = 260.9(9.7)_2 (396.9 260.9)(9.7)2
S2 3

+ (396.9)[(2)(28.3)][2(28.3)/2 + 9.7]

+ (572.7- 396.9)(28.3)[4(28.3)/3

+ 9.7]

= 1,106,179 in-lb/in

The peak shear and corresponding bending
moment at the critical section for shear are:

Vu 30,630 lb/in

J Mcr = 1,106,179 in-lb/in

The peak bending mo~ment at the face of the
support is:

14 iu 1,478,660 in-lb/in

Step 12a. Dete-mine the allowable shear stress for the
concrete.

t / Since ln/d - 5, the allowable shear is computed
using Equation (C.11.

Vu U 30,630 lb/in

Mcr = 1,106,179 in-lb/in

d 90 inches

fc' 4,000 psi

Pw assume minimum from Table C.1

0.0025
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vc= 0.85[3.5 - 2.5(1,106,179;/(30,630)(90)]

x l.9y"4-,006

+ (2,500)(0.0025)(30,630)(90)/1,106,179]

= 0.85(2.5)(135.7) = 288.5 psi

Step 13a. Determine the thickness of concrete required to
carry the shear.

! Vu =30,630 Wbin

c =288.5 psi

d = 30,630/288.5 106.2 inches

Step 14a. Determine the amount of flexural reinforcement
required.

Main reinforcement:

Assume "a" block 6 inches
AS M ub

fs{'d -

Mu= 1,418,660 in-lb/in

b = 12 inches

d 106.2 inches
t a assumed value of 6 inches

fs =60,000 psi
As = (1 ,478,660) (12}

(60,-000)(106.2 -6/2)
= .87 in2f

a = (Asfs)I0.85bfc

f' = f 4000 psi

a (2,760 000) 4.22 inches
(O.85)t12)(4,00WO
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A, = (,478,660) (12)

(60,000 1)06.2 - 4.22/2)

= 2.84 in 2/ft

Amin = 0.0025bd

= 0.0025(12)(106.2)

Use= 3.19 in 2/ft

SUse minimum steel: As = 3.19 in 2/ft

Si Area of #11 bar 1.56 in 2

Use two #11 bars, top and bottom, at 12-inch
spacing. These bars should extend from one
end of the foundation to the other end (see
Figure C.13).

Reinforcement in other direction:

As = 0.001bTc

Tc 110 inches

As = 0.001(12)(110) 1.32 in 2/ft

Use one #10 top and bottom at 12-inch
spacing. These bars should be placed in

* - both extensions of the foundation (see
Figure C.13).

Step 15a. Determine the actual thickness of the
foundation.

d = 106.2 inches

db 1.41 inches

c 3.0 inches

Tc 106.2 + 1.41/2 ÷ 3,0 109.9 inches

Use Tc = 110 inches
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C.6 Example C.2: Single Cell Barrier with Buttress Walls

Example C.2: Design the foundation extension of a single cell
:1barrier with buttress walls. This problem is

based on the actual design of the structure shown
in Figures C.16 through C.18.

Required: Determine the length, thickness and amount of rein-
forcing steel required for the foundation extension
of a single cell barrier.

Step 1. Given:

a. Configuration of the structure and
details of the backwall element which
is designed to the incipient failure
condition (see Figures C.16 through C.18).

b. Quantity of explosives: six charges
located within the cell as shown in
Figures C.16 and C.17. The weights of
the charges are:

W, and W2  54 lbs each

W3 and W4  146 lbs each

W5 and W6  146 lbs each

All charges are TNT.

c. Soil data available:

The soil at the construction site is a
medium sand. In this problem, extensive
test data are available to mnore accurately
determine the properties of the soil for
use in the analysis. The test data are
omitted here for brevity and the proper-
ties are supplied in the subsequent com-
putations as needed.

d. Design strength for building materials:

1. Concrete fc 4,000 psi

2. Steel fy 60,000 psi

148



4 4'-6"

7'- I 25'-0 1$

L2 -8"'-8"

. LOOR SLAB I'_0

" i~~~~~0'-4' •, o

w aw2

w T

SIDEWALL )BACKWALL LATERAL FNON.F.[: A EXTENSION
BUTTRESS WALL F EXTENESO4

FNDN. EXTENSION

FNDN. PLAN

Figure C.16 Examnple C.2: Dimensions of structure and charge
locations - Plan view.
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FRONT WALL

S i :P4

S~ROOF

BACKWALL
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.BUYTRESS WALL

EXTIENSION

SECTION A-A

Figure C,17 Example C.2: Oim•ensions of structure and charc-e
locations - Sectionl.
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Figure C.18 Example C.2: Details of backwall and floor slab.
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Step 2. Estimate the dimensions of the foundation
extension to be used in the analysis. In
addition, determine for the foundation, the
area of reinforcing steel required to develop
the strength of the backwall.
In this problem, the guidelines of Section
C.2.2 were not utilized. The thickness of
the foundation chosen is 24 inches.

The computation of the area of reinforcement
required for the foundation to develop the
backwall is given below:

Assume #9 bars (bar diameter = 1.13 inches,
bar cross-sectional area = 1.00 in 2 ) required
for foundation to develop strength of back-
wall and sidewalls.

dc 24 - 3 - 2- 2(1.13) - 1.13
F

= 15.61 inches

MFu = MWu/ 2

uross-sectional area of #10 bar = 1.27 in 2

ASd = A dc /2
sFcF Bid 8W

A : (1.27)(24.6)/(2)(15.61)
(s

-1.0 in 2 : Area of #9 bar

Use #9 bars at 9-inch spacing.

Step 3. Determine the soil bearing pressure for the
weight of the structure.

The weight of the structure is 2.96 x 106 lbs.
The weight computations are omitted for brevity.

The allowable bearing pressure for the soil
is 1.25 tons/ft 2 .

The area of the foundation in contact with
the soil is:

A = (44.5)(38.5) = 1,713.3 ft 2

152



Bearing pressure = 2,960,000
2,000(1 ,713.3)

= 0.85 T/ft 2 < 1.25 T/ft 2

The foundation is adequate for the dead and
live load condition.

Se 4. Determine the average impulse loads on the
floor slab within the cell.

Design charge weights:

W and W= 1.20(54) : 65 lbs

W3 thru W6 = 1.20(146) = 175 lbs

The impulse loads on the floor slab are com-
puted using the computer program of Reference 2.
The computed impulse loads are listed below:

SWI: Tb = 449 psi-ms

W2 : ib =408 psi-ms

W3 : =916 psi-ms

[ iW 4 : i1 766 psi-ms
4 b

W5 : Tb = 873 psi-ms

W6 : Tb : 744 psi-ms

K Since the configuration of the structure is
unusual, the arrival times and load durations
must be computed by hand using the method and
the data presented in Appendix B. The computa-
tions are omitted for brevity. The quantities
computed are included in the input data deck
for this problem, which is presented in
Appendix D.

Step 5. Establish the soil properties to be used in
the analysis. As discussed previously, a
large quantity of test data is available to
determine the properties of the soil. The
properties derived from the data are listed
on the following page.
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I,

Description: medium sand

Modulus of Elasticity: 5,600 psi

Poisson's Ratio: 0.33

Friction Factor: 0.70

The structure is analyzed for these soil
properties only.

Step 6. Prepare the input data deck for the computer
program. Since the configuration of the
structure is unusual, the "General Structure"
and "Special Loading Options" must be uti-
lized to analyze the structure (see Section
5). The input data deck is presented in
Appendix 0.

Step 7. Run the analysis on the CDC 6600 computer
asing the overturning analysis program.

Step 8, Inspect the results of the analysis. A por-
tion of the printed output of the analysis
is presented in Appendix D.

A summary of the peak response parameters for
the structure is presented below:

Maximum rotation of structure 1 1.58°

r' Maximum horizontal displacement
of foundation 6.34 inches

Ratio of maximum rotation to
overturning angle 0.04

Inspection of the above tabulation of the
results indicates that the structure:

a. Has reached its peak response

b. Did not overturn

c. Did not experience excessive horizontal
displacements.

Therefore, the design proceeds to ttie next

step.
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Step 9. The peak rotation of ',me' structure is 4 per-
cent of the overturninn ancile, whereas rota-
tions to incipient overturning (approximately
40 degrees) could be tolerated. The bearinn
pressure, computed for the dead load condition,
is approximately 70 percent of the allowable
bearing pressure for the soil. Based on these
figures, the plan size of the foundation could
be reduced to approximately 30 percent. How-
ever, this particular structure contains mas-
sive steel vessels which are used in the
manufacture of the explosive. The vessels are
supported by an equally massive steel frame-
work. At the time this structure was designed,
the size and weight of the vessels were unknown.
The estimated weight of these items was 500
tons; therefore, a generous margin was provided
in the plan size of the foundation.

Therefore, no change in the plan size of the
foundation is made.

Step lOb. Determine the design loading for the founda-
tion extension.

The locations of the soil element attachment
points on the foundation and the soil bearing
pressure distributions at several time sta-
tions are shown in Figures C.19 and C.20.
The computations of the applied loads on the
portion of the foundation extension beyond
the critical section for shear (approximately
20 inches from haunch) are presented below.
The loads are computed for a 1-inch wide
strip.

At t = 0.18586 second:

S(cr (60.9 - 28.6)(21) + 28.6---- 5733)

= 32.7 psi

VT = (32.7 + 60.9)[4(33) + 12]
2

= 6,739 lb/in
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SOIL BEARING PRESSURE DISTRIBUTION: tx 0.22667 SEC.

SOIL BEARING PRESSURE DISTRIBUTION: t= 0.24893 SEC.

SOIL BEARING PRESSURE DISTRIBUJTION: t=0.29716 SEC.

Figure C.'20 Example C.2: Design loadings.
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at t = 0.20812 second:

Pcr = (21/33)(35.7) = 22.7 psi

VT = (22.7 + 35.7)(12) + (35.7 + 66.1)4(331
2

= 7,069 lb/in

at t 0.22667 second:

VT - (43.8)(33) + (43.8 + 69.2)3(33)
2

= 6,316 lb/in

at t = 0.24893 second:

r I VT = (52.8)(33) + (52.8 + 71.6)2(33)
2

= 4,976 lb/in

{ , at t = 0.29716 second:

VT = (63.3)(33) + (63.3 + 74.1)(33)
1.z

3,312 lb/in

The design load on the foundation extension
"is the soil bearing pressure distribution at
t = 0.20812 second.

Step llb. Establish the initial amount of flexural
reinforcement for the foundation extension.

The nomenclature of Section 5-10 of Reference
1 is used to identify the various parameters
of the problem. The parameters are defined
as illustrated in Figure C.21.

The area of steel in the vertical direction
(see Figure C.21) was initially determined in
Step 2:
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Figure C.21 Example C,2: Des in parameters, nomenclature
and conventions.
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#9 bar at 9-inch spacing: Abv = 1.0 in 2

Pw = As/bd

As = 1.0(12)/9 = 1.33 in 2/ft

b = 12 inches

d - 20 inches

PwV = 1.33/(20)(12) = 0.0055 > 0.0025

S.Since PwV > 0. 0 0 2 5 , use minimum steel in the
horizontal direction.

As = (0.0018)(20)(12) 0.432 in 2 /ft

Ab = (0.432)(9/12) 0.3Z4 in 2

Begin the computations with #6 bars at 9-inch
spacing in the horizontal direction.

As = (0.44)(12/9) = 0.59 in 2/ft

Step 12b. Compute the ultimate positive and negative
bending moment capacities in both directions

using Equation (C.3).

Vertical direction:

Referring to Figure C.18:

dVN - 24 - 3 - 0.75 - 1.128/2

19.7 inches

dvp 24 - 2- 0.75 - 1.128/2

- 20.7 inches

aV Asfs/0.85f'b

S1.33(6g0 ,OO1  1.96 inches0.85(4,000)(12)

Mu Asfs(d - a/2)/b
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MVN = (1.33)(60,000)(19.7- 1.96/2)
12

= 124,500 in-lb/in

M v l " .33)(60,000)°(20.7 - 1.96/2)
VP 12

= 131,100 in-lb/in

Horizontal direction:

dHN = 24 - 3 - 0.375 = 20.6 inches

dHp = 24 - 2 - 0.375 = 21.6 inches

,a = 0.59(60.000 = 0.87 inch
0.85(4,000? 12

MHN - (0.59)(60,000)(20.6 - 0.87/2)
12

59,500 in-lb/in

% (0.59)(6o0,000o 21.6 - o.87/2)

62,400 in-lb/in

Step_ 3b. Utilizing yield line theory, compute the
ultimate resistance in bending of the foujwida-
tion extension. The comput3tion is performed

• •for a trapezoidal loading having the same
relative proportions as the design load. The
cormputations are omitted here for brevity.
The location of the yiýOd line and the ulti-
mate resistance are given below and defined as
illustrated in Figure C.22 (Trial 01).

x 119 inches

SPu 449 psi

Step 14b. Compare the computed resistaoce (pu) with the
actual design load. For Trial 0l, the com-
"puted resistance of 49 psi is less than the
applied Moad of 66.1 psi. Therefore, the area
of horizontal reinforcement is increased until
the required resistance is achieved.
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TRIAL ~I (STEP' NO. 13b)

Lx 135. 15 135.51 u663
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TRIAL 42 (STEP NO- 14 b)

PU 94.6 PM
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TRIAL #3 (STEP NO. 16 b)

Fiouzre C.22 Example C.2: R~esults of design computaltions-
Yield line locations and ultimate resistance of

oundation.
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Trial #2 of #8 bars at 9-inch spacing in the
"horizontal direction yields the following re-
sults (see Figure C.22, Trial #2):

x 135.5 inches

SPu 66.3 psi > 66.1 psi

Step 15b. Based on the location of the yield lines
determined in Step 14b, compute the shear
stresses produced by the design load at the
critical section for each sector of the
foundation extension.

The shear stresses computed at the critical
section for each sector are:

Sector I: vV = 180 psi

Sector IT: vH= 166 psi

"Step 16b. Compute the allowable shear stress for the
concrete using Equation (C.2).

Vertical direction:

Vc ,(I .9,Y" + 2,500pj _ 2.28a/pc"

0.85[1.9447000 + 2.5O0(.0055))

< 2.23(0.85)1,0

114 psi < 122.6 psi

Vv 180 psi 114 psi

The thickness of concrete has to be substan-
tiaoly increased to carry the applied shear.

Try Tc 38 inches:

Maintain same moment capacities:

Vertical direction:

As 1.33 in 2/ft

dc(initial) = 15.6 inches for T. 24 inches
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dc(final) 29.6 inches for Tc= 38 inches

1.33(15.6) As (29.6)

SAs = 07n2/ft
0.7 in/f

Use #7 bars at 9-inch spacing

Ab =0.6 in 2

As 0.8 in"/ft

dv - 34 inches

P= 0.8/(12)(34) = 0.0020 < 0.0025

Horizontal direction:

PwH 0.0025 since PwV 0.0020 < 0.0025

T "dH - 35 inches

A, (0.0025)(12)(35) 1.05 in2/ft

Use 08 bars at 9-inch spacing

A. :0.79 in 2

AS 1.05 in 2/ft

-.ecompute moment capacities:

Vertical direction:

N 38 3- 1.0 - 0.44 33.6 inches

tidp 34.6 inches

av -1.13 inches

t .N -" 0.85(4,000)(33.6 -1 .18/2)

132,00 in-lb/in
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MVp = 0.8(60,000)(34.6 - 1.18/2)

12

136,000 in-lb/in

Horizontal direction:

dHN 38 - 3 - 0.5 - 34.5 inches

dHp 35.5 inches

aH = 1.05(600OO) = 1.54 inches
0. 0.35(4,000) l2)

iL I.0(60,000M.5 - 1.54/2)

177,000 in-lb/in

MHP 1.05(60,000)(35.5 1.54/?)
12

182,332 in-lb/lb

Comoute yield line location and ultimate
resistance (see Figure C.22, Trial #3).

= y 148 inches

Pu = 94.6 psi -- 66.1 psi

The shear stresses computed for each sector
are:

Sector 1: V - 7.4 psi

Sector I1: vH = 98 psi

The allowable shear stresses are:

Vertical: vc = 106 psi

Horizontal: vc = 108 psi

The applied shear stresses for both sectors
are less than the allowable shear stresses
for the concrete. Therefore, the design of
this portion of the foundation extension is
comfplete.
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At this point, check the lateral extensions
(see Figure C.16) of the foundation extension
to insure that they can withstand an applied
load of approximately two-thirds of the peak
bearing pressure at the end of the extension.

The lateral extensions are designed in the
same manner as the simple type foundation
extension (see Section C.4.2). Since this
procedure is illustrated in Example CJ, the
computations are omitted from this problem.

Step 17b. Compute the load acting on the buttress wall.

The load on the buttress wall consists of the
total applied load on Sector II of the interior
portion of the foundation extension (see Fig-
ure C.2) plus the reactions of the lateral
extensiovs.

Using this load, determine the thickness of
concrete and the amount of reinforcing steel
required for the buttress wall. The computa-
tions aýre omitted from this problem.
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APPENDIX D

FORTRAN LISTING OF COMPUTER PROGRAM

P.1 General

This appendix contains the FORTRAN Listing of the Over-1 turning Analysis Computer Program. Included also are two sample
problems.

D.2 Computer Program

The computer program is written in FORTRAN IV. It can be
run on the CDC 6600 computer using either the Extended (FTN) or
the Regular FORTRAN compilers. A central memory field length of
150,000 words (octal) is required for compilation and execution
of the program on the CDC 6600 computer.

The program consists of a main routine and ten subroutines.
The operations performed by each are summarized below:

Main Routine BLASST - The main routine initiates the execution byS~~calling Subroutine MLB
~1Tf~iXfi1eULTB.

Subroutine MULTB - This subroutine reads in the title card, the
problem specification card, the soil properties and the structure
geometry. Using the structure geometry and the soil properties,
the subroutine computes the elastic constants of the soil elements.

* Following this, the arrival times and load durations are computed
(in the "Normal Option") by calling Subroutine ADTIM. If either
the "Special Loading" or "General Structure Option" is used, thef calling of this subroutine is bypassed and the arrival time and
minimum load duration are read in instead. Next, a suniiary of the
input parameters used in the analysis is printed out. If the res-
ponse time of the backwall element is required, the subroutine
reads in the design details of the tackwall and calls Subroutine
1WALL which performs the desired computation. The problem solution
"proceeds with the calling of Subroutine CGTH2.

Subroutine ADTIM - This subroutine reads in the quantities and
locations of the explosives and computes the arrival times and
load durations on every loaded surface for each explosive charge.
This subroutine is used in the "Normal Option" mode of the program
only. The TNT data required for the computation are contained
within the subroutine. Interpolation of this data is accomplished
utilizing Function AR-IM.
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Function ARTIM - This function performs a geometric interpolation
of the TNT data contained in Subroutine ADTIM.

Subroutine WALL - Subroutine WALL computes the maximum response
time of the backwal! element designed to either the incipient fail-
ure or the post failure fragment conditions. Four support condi-
tion options are considered:

1. One side fixed, three sides free.

2. Two adjacent sides fixed, two sides free.

3. Three sides fixed, one side free.

4. Four sides fixed.

Subroutine CGTH2 - This subroutine computes the following quanti-
ties in the "Normal Option" mode of the program:

1. Weight, mass and mass moment of inertia of
structure.

2. Location of center of gravity of the structure.

3. Areas of all surfaces (perpendicular to the
plane of motion of the structure) which are
directly exposed to the blast.

4. Locations of the centroids of the loaded a;.eas
relative to the center of gravity of the
structure.

5. Horizontal and vertical components of unit
vectors normal to every loaded surface.

In the "General Structure Option", this computation is
bypassed and the data listed above are read in on punched cards.

The next operation performed by this subroutine is the
computation of the load history. In the "General Structure" and"Special Loading Options", the surface loading data (average

impulse, arrival time and load duration) are read in on punched
cards.

After the completion of the load-history computation, the
load history is printed out and the program proceeds to the res-
ponse computation by calling Subroutine GRMT2.
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Subroutine GRMT2 Subroutine GRMT2 computes the response of the
structure to the applied loads. This involves computing the re-
sisting forces in the soil and solving the equations of motion of
the structure (see Section 2.2) to determine the accelerations,
velocities and displacements of the structure. During the compu-
tation, several auxiliary subroutines are called to perform spe-
cialized calculations. These subroutines are:

1. Subroutine DEDE

2. Subroutine UPCHK

3. Subroutine R3

4. Subroutine FDN

After the numerical integration is completed, this subroutine
prints out the response of the structure in the manner described
in Section 6.

Subroutine DEDE - This subroutine monitors the displacement time
hEstory in each of the vertical soil elements to determine whether
the element is in either the loading or unloading condition (see
Section 4.2). When the element is in the loading condition, the
subroutine computes the elastic resisting force in the element and
the moment of the resisting force about the center of gravity of
the structure.

Subroutine UPCHK - This subroutine computes the friction force
acting on the foundation for the purpose of determining whether
the foundation of the structure has separated from the soil.

Subroutine R3 - Subroutine R3 computes the mtoient of the horizontal
resisting forces in the soil about the center of gravity of the
structure.

Subroutine FDU - This subroutine computes the shear and correspond-
ing bending moment at the critical section for shear on the foun-
dation extension of a cantilever wall barrier. The bending moment
at the face of the support is also computed. The computation is
performed at every integration time station.

The following pages contain the FORTMAN Listing of the Overturning
Analysis Program for the CDC 6600 computer.
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0.3 Sample Problems

Two sample problems are presented. The first problem is
the cantilever wall barrier that was analyzed in Appendix C. The
configuration of the structure is shown in Figure C.13. The input
data are given in Figures D.1 through D.4. Immediately following
the figures is a portion of the printed output of the analysis.

The second problem is the single cell barrier that was
analyzed in Appendix C. The configuration of the structure is
shown in Figures C.16 and C.17. The input is given in Figures
D.5 through D.22. A portion of the printed output of the analysis
is presented on pages 236 through 249.

202



w

0) -

4 >L

cL) LC

zz

00

I-i a:

ow 41

C-)j

a:z -W

. -

I- ID
a. ix

x- ' _C

o -

2030



00
0zZ 0

CCM

on 00f

IxI

0 ý- 0

q Uz. __w

U.i

_ 0

0 0~Oj4

N gn

CM 
4 

w 0

0ci C M _0

-J 0 0.u

o -4lJ- -cc a2
0 U



in 0

U..- u~ L. N

o
LO L

x (n

2 00

00

C/) In 0

0 0. t

0 0
Lc

o ~C OD Lv
u £0 j U .~

w 2w
0. 0. to

U')I >

LA. OD ~

Cr) C.)-

205



OR0

- - - -D

I 0 N
U. >

LO LL 0- - -a

S.-

__ a. o

'-4 0

x- 0 0

0.0

0'

0- to 0.

00

N~ 0 - -0

o 0
N N

(LJ In 0 -(v 0

CD 0

206



EXAMPLE PROBLEM 0.1 CARYILEVER WALL. BARRIER ON COMPACT GRAVEL

NUMBER or CH4ARGES 3
%uMRE OF MALLS I

itUE OF SOI SPRINGS IA
MOE, OF lTMIN INCREPENTS 511

LE As, 'INE OF AlpRIVAL OF B LAST Tt NEAREST POINTISECI .10 1,
LE AST DURATION TIREtTEC 1053S
PRINT FREQUENCY 21
IMTEGRATION D INE INTERVAL. AISEC) .?%ER
INT!GAATDON TIME INTERVAL 2(SECI .?AAO

WOOULUS OF ELASTICITY El(PSIl 11844.11
POCULUS OF ELASTICITY EIPSO) Z00I
010MAL STRESS AD WHICH MODW.I6S CNAUGES(PSTI ?410.01
COEFFICIEN t OF F RICTION 7
POISSONS RATIO .15
SHAFE FACTORRI10
SHAFT FACTO YT20
RHI/SPRTWTN/DNI75171.0
EVIlSRIMG~OtTLOII0111
RH?/SPRMOLRII 't L eti02
EVISPRIMI I L5) NO11'S1

AHI TOTAttkollI l l?t77tl1.14Ti Al TOIALckettWI 0I1153.02
042 ToDlateLS/ih m? 7% 9. I
Kv? TOTALOLS/IWI RO16113.0~

SACRUWAL T14CIKktSS(INI 71.6100
RATIO or St.1 TMTCKI4TSS to saciXWALL SlICae ss 1.113
ItfwEI Of IAGCEALLIFTI sz.410

RATIO or WIDTH OF TLCOR TO TOTAL 1010M IF 4AS9
OATIO Cf ORICHI OR WOLL TO 9ASE OR STELCMUE .74.%

WIOM OF AEINI GO, savoA5

* I~~lSt INICAWESS iNT%.SR
RATIO of WaLL Tha!C&IMS1 to WioIA IF slaRufTUA
WotIZONTAL DISAUEE roIN Cs 10 Italy fact oF NALL1IWI -3r.111
v(*lxCAL OISiARct F11CM top of f.CotR Stas T CSOictm .
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EXAMPLE PRoBLFN 0.1 CANTILEVER WALL. BARRIER ON COMEPACT GRAVEL

LOADING

4 IN 01S7ANCE FROM CHARGE TO WALLIFT) 6.475
D CHARGE )iIGHNT(LRSI '266.
IPPULSE ON MALL IPS-_MSI 346.6:,
IMPULSEONFLCO:SI-MSI 80.

AREA OF FACEtIMý*Zl 121660.6
HORIZONTALDIOSTANCE FROM CENTROIC CF AREA TO d~ISH) -37.S
V eRTZCAL 0ISTANCE FROM CENTROID OF AREA TO CGIINN -AS.?

PRESSURE TIME CURVE

POINT I PRESSUREIP1tII v55.1 TIMEISTCI .11R3?
POINT 2 PRESSURE IPSti .6 TIMFISECI .46051

TIME1 FORCE I FORCE I mmNEN ABOUT z
ISECI C1,113 4LBSS (INI-LIS1

Z .100133 1.6R7cf.4 .2 I.S.716¶1R
3 .NNA60 1.6%64EN64 .0 iA0ER

6 .6666? .11031!*66 .1 .A6E6
5 .6613 5lttE'RFy .6 Tr.zSENIS

A 6141 1 S.33SE.7 .6R3781E#41
7 .6114? R.4321AeH? .6 4.N331cf61
6 .616 .SaAIEor? .6 7.6AIE091
I .1ZR .1611El'R .6 T.3h5St*19
ON .626 tRISE*17 .6 7.10131!*aq
01 66Th 7.6tSEHR .6 6.?1E#61

14 .4135% A.P&?3TE.R? .1 %6?%3AEAR¶

16 .60%11 I.RS613o*7 .6 k.163E6201
1? .91143% 1.IIAE*9? .9 %.S1111roms
Is .114aA k.?33Z1*IT .6 4.?7474toS

.114666R 4.34171027 .6 3.106Mft65

it .111%1 3.16i,1697R .6 3.¶11646548

13 loss%6 2.1611.6?l .6 r.S?INEA61q
03 .66555 Z.4AR.3111? .4 2.14fRE'U5

t6 .6692A 2.860stsly .6 1.430%1611

ZR .6612% 4.5Si~fact .6 6.6163t.66
219 II$Is$ RINARAIN4 .6 %6.BakesiR

3R .6)114i t.31479616 .6 1.11614.66

NtttuRIL0 cistabNCt RI" CculoROO (w AAC to CG6I&M P.1.1
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PRESSURE T101 CURVE

POINT 1 F6ISSUR10PSIO 1236.61 """IMESC, 6
POINT 2 PRESSUREIPSTI .0 TtTWE(CP 000

TIMtE FORCE x FORCE y NON4ENT &$OUT
6511 I~l)MaLsi (IN-LOS)

1 .90068 .6 6.1966E0co -S.730919601
2 .6033 .66.6693l07 -S.S1501*09
3 .6666 . 1.90371.? -6.?q61

9 966 66.162 &1* 7 0 4. IF1* I
O .6113 .0 .96191*67 -4.4667(496
6 .616 . 964:3[*0? -k.6S32FOq
7 .6619"73 .2 #.7 070 .4.437616

¶ .06092. .4 S.69691*6? 2Z~ -'.65.9
16 .4622? .1 4. 95?1*60 -3.7415E*04
1 .162479 .0 9433916? 7.79616

19 .0311 .6 43.066 ? -0.7E91.6
16 lost?8 .6 3.6t2191.7 -S.I99661*01
17 .669344 .6 3.76771*07 -?.12391*69
I6 .00391t .0 Z.66(*7 .. 67914*09

15 .66966 .0 03.2999190 -. 6299

to .66619 .6 1. 8281E$87 -. 3710

IT .10%341 .6 1.9606(967 -Z1.0 k6b11(6
to .41691 .6 2.51691.07 -1.4671E65.1
09 111444 .6 2.3124SIE00 t.7.790616
n9 00111 .6 I.76971966 -.916374E6
26 .06667 .6 .1731(66 .. 9316

23209
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EXAMPLF P008LE14 0.t CAUT0LtVER WALL BRARIER 0ON COMPACT GRAVEL

LOADING

CHARGE N0141ER, 2

"HIN DISTANCE PRO" CH4ARGE to MiLLIFII4.
CHARG f WGHT(IOZR.
I PWA.SF ON WNELtPSI-PSI 3100.6.
IMPULSE ON FLOORIPSI-MS) 4684.0

KI ISTANCE FROM CHARGE 10 EDGE Of WALL4PT) 261.600
HEIGHT O0 CHARGe AOE PLOit $ SAOIt 3.6so

AREA OF FACEtlk**?3 121644.0
HOR0ZCNTIkL DISTANCE FROM CENTROID CP AREA 10 CtIDN1 -37.5
VERTICAL DOISTANCE PHON CENTROID Of AREA T0 CG(INI -49.?

PRESSURE TIME CURVE

POINT t pIESSUREtPSII 140 63 TIREtSEC) .60032
P00I1W z PESSIJRa ST .6 VtOmE SEC) .601i3q

TIME FORCE I FORCE y MOMENT ABOUJT Z
(lEd1 ILOSS (Los) (IM-L S)

2 .01033 t.ZT63E'IR .0 1.1IIIEAII
3 .000&0 1.1636[444 .0 1.0622E416

4 000? 1.1zqIE.OA .0 t.01326116

4 .60014, i.6sE17E .0 :. , to? 'Ri

11 .08?41 ?.%t ofEor q6 A EEIP

t2 .00 111 6.1140P'0 , 17 l. 24 "E~

13 .6631? 11.3716tsa? .6 .Y1821'04
14 .$03441 S.6tZE4?E* .6 Z?7)0003

I? . 06 4'. : 646 :3" 81 .6 t.14si I

14 .064$1% 30016 6Z?4E0
z6 .60000 0i.111ittop .6 .6401

0? .60016 t.453st86? .6 1.11R4.4f 6*
r3 oasis i8700I .0 6.13*4R080

24 .1102 3.16114 068 .6 3.0~?Wfoo

ARAI" 1 01 0N*?I %14
HOIEI6 ISI-WC Y11O0 CtNEOlOD C4F 91EA TO CQRIN1 6.

tETIOCAL vITANC1 FROM ClutRooI 04P WtR t0 CGION P.

t ~poE SU6" TIR( CUREW

poINT I R6ESIUvIIpS1IO 1144.4 v IIfN~EII 1 .66684
Pat 1 7 ROIWJOEOtpOI .6 wtE .4t #8#I k 114
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1114E fopcf x pOQ v NONWE~ A6OUT Z
MSCI (Los) (tell ITO-tOst

I .06GB .0I.0i7E.66 ,:313 EI

2 .400T3 . .I366 -7. 6967.09

6 .61a03 .4 E OY6.6 -6 .6?151[0.4
6 .60166 .6I ?.e910.? 63[# 0 SStV-aI

Is .4616? . I 7.S452fiEW -%.aoq6t,0q

FOR CHRG NMBR31 HAS BEEN 1,1 OMITTED.
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EXAM4PLE FROOLEM 0.1 CANTILEVER WALL. BARRIER ON COM4PACT GRAVEL.

LOADING

TIME FORCE X FORCE 7 hOMENT ABOUTZ
fSECI (Lest (LO$) (3W-LOS)

1 .00006 .0 2.060.W -L075C0
2 .06033 3.61277,0 2.29430.0W 1. 1694F.1 0
3 .60060 S.26000E'O 2.IIL7EMO 1.1362E010

6 .00047 3. 1105090 7 R .00900.06O 1.10300*1W
0 .09113 3.0182E011W 1.9965E090 1.06000,10

A .001104 2.6zk10W00 1.6066E 9 0.700906
q .002.20 Z.4927090W 1.S?60E0,0 0.36A)7090
to .007a?h 7 .3614ro00 L.W4?360a0 q.0365f*00
LI .10276 ?243600.0W L-314SE-00 4.704SE040
12 .60301 2.00A67f906 1.2692F.0W 0.Sfl0E#0q
13 .037 1063r406 1.1656E444 8.03,14E409

1 .0354 1.636 E600 1.0621[o00 7.7076(*60
10 .00361 1 0.066046W 9.6033[447 7.373hE.Oq
16 .001.08 1.57330 OW .7700 7. Ol310*90
1? .00634. 1.k6100966 7.5-00600. 6.71000.60
to .40461 1.3106F.46 (.s244.E#07 6.37)70.00

71 .66060 l.t607E*7 3.494630*07 6.362004609

77 .00066 t.45070907 2.92t00907 t..6341E46o
23 :00545 6.037fto6 2.600fl*0 3.6036T090

7' 0007 ,.:53081.7'.0 3.1)3.

21 .04066 %.Worts?0 1.30710*07 7.0700

10 .0070 1z7000 el F.7010z

FORCE VICTOR EQUAsk ZINC AFTER TOIM .44h,.

WALL REATWIS INI6PIENT F&ILURE TONE .07011
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1 EXA14PLE PROBLEM 0.1 CANTILEVER WALL. BARRIER ON COMPACT GRAVEL

REIIFORCEKPN? RATIO .*?

ULTIXPTE Vt$!STANCEIPSfl IZ4.4
TCtII. INPlLS( ON WALLIPSt-Pl 190.

F~o ATQ.4WL A~sse 044

21 3



... .0a~w ... N

I . . 'I *iII" get. tIl Ilklvi l

.....v~p..... ....m ........ ....E....O M C .. y......... ... I

* .NPIPI .NwN ...CN ... N N MN...t 4-0

LuJ

o*W, .NN.N . . . . . .. . . . .. f.l.v.i....u...

C)i

N - NEE~..-. ...... ,Z ...... ....... ......

Ia - WW..iJ U iU i .hUWW ibI~iWW Wiii lIiUiiiiiiijiO ii~i.Ui.

WN" IT U,,, ,

i.L

S 0 N CM.oCNCC= CE== N° .... .... . . .......... . . ...... .

. .•' ;" ' .• .' .' .+' ., .. . .i • .C .+: ' -• ' . . • .' .. . " .. .. -. . ."- '. . . . ..... .... .... .0

N• • •3 0 ."NV-,;'C0E *" . . .d.. C . U"m N" " rt"

0N4 .y......... . ....................... ...... m

. . . .... C

N N W..i-t CN0 . .......... ~ y b~fW% O.. OO C J*f

.. . .O~ C *...... m................. .. N ... NO~

21



.. .. . . . . . . ..... .. . . ........

w I-

.....NC IU.... UN .. .. .. .. ... ..... .. .. .. .

. .. . . . . .. .. I. .wn:. I b0f4. . .. .I .. .i-

... .. .. .. ... .. .. .. ..... ... ... ..... .NJF

fi MN 4..M .. C . NE Nl.OS ~ ~ ~ ~ ~ ~ ~ - wPI.IN a.N 'Q0lQ NO N O N a 5100

C o R O a . rN. 0~.N flO 4aN ............ ..

o~ ~~~ ...-~l . .- . . . . . ..g.O 0. . . . 0 V

CNN~~~ .C S .C .0C .C .. . IC .0 N .C .4 ..0 C. . . 4., c

. .... . .NC . ~. ... *c ... .l...
0 

O b C. O . .*.4.N.b.M0W

00CeOC"I I Vol `*CN x t, 9 I W . 1 40 .. 4.0

..S .... O O - N N,..oil-.- - 0

:7000000.----- --------- -- - - - LL

. ... .. .. .. ...... .. .. ..................

215~



EXAOPLE PROBLEM 0.1 CANTILEVER WALL BARRIER ON COMPACT GRAVEL

eERI~kG PRESSURES IN SOIL 0 T SOIL ELEMENT MA0CHP4N POITS FROM LEFT TO G0T END Of FCUNDOAtOhIFPSt)

FLEMENT NO. I z 3 6 S 6 7 1 to

7766

.6006 t1.1 13.1 13.1 13.1 13.1 I3.I t3.1 13.1 13.t 13.1
.Ootk tZ1. 7..6 21.4 31.3 34.6 37.q 41.3 44.6 46.0 11.3
.1OW7& 2b.4 36.9 47.4 37.9 64.4 ?7.q sq. 0. 11.1 110. 04.9
.01611 .0 s.1 63.3 61.4 60.6 10.7 135.9 Is6.0 17.7.2 161.3
.07166 .0 .1 76.1 1 M0. .5 16,.7 170.q p0s.0 731.? 797.46
.023701 .0 .0 M0.1 113.. 164..0 1W7.6 W1?.? 7?1.8 ?66.4. 31.0
.03216 .0 .0 .0 119.6 1W3.? 706.6 ?24.q M.3.? 336.6 376.6q
.03761 .0 .0 .6 .0 l7t.3 M.3.6 tfb.O 36.41 340.? %33.1
.04.28 .0 .0 .2 .0 .0 Z31.4, 70.0 3S6.6 %to.$ %T71$
.04,21 .4 .0 .0 .0 .1 .0 3..o 37?7. 44.6.0 S10.6

Ms•3s6 .1 .0 .0 .0 . .0 311.4 310.a 670.3 %%4.7
.14l11 .0 .0 .0 .0 .* .0 .0 3I-A.I 64.1 S7.?
.06647 .0 .0 .0 .0 .0 .0 . .60 411.1 W0?.?
.161U .4 .0 . .0 .0 .0 .1 1. .0 0 10.1

as7666 .0 .I .6 .0 .0 .a .0 .6 *6 919.6
.66631 .0 .0 .6 .3 .6 .0 .0 .0 .0 .1

.$lost .0 .0 .0 .I .3 .0 .0 .0 .0 .4
.6tot1 .0 10 ., .0 .3 .0 a3 .0 .0 S.7
.66616 .0 .0 .3 .3 .6 . 0 .6 .6 .0 3.1

.18070 .6 .6 .0 .0 .1 .0 .3 .0 .0 9.6

.0l7l6 .0 .6 ,0 .0 .I .0 .6 .0 .0 l6.

.1716 .0 .0 .0 .0 .0 .0 .0 .0 .0 01.1

.10Z71 .0 .0 .0 .0 .1 .0 .0 .0 .0 66.6

.1301 10 .8 .0 .0 t .0 .0 e0 t1 0.
t.1926 .0 .6 .0 .0 . .0 .I 16 .2 41,.
s3pi1& .0 .0 .0 .6 .0 .& e6 .6 . I I,$

.13110 .1 .0 .6 .1 .11 10 1 .I .0 , 0 .

.06600 .0 .0 .0 .6 .0 . . .0 . 39.6
,01661 .5 .0 .0 , . .0 .6 * .6 .6 60.0
.09601 .0 .0 .0 .0 .I ,6 .6 .6 ,0 66.6

.168t0 .0 .0 .6 .0 .0 .. . 1 .0 .0 69.6

.,0616 .6 .3 .0 .6 .6 .0 .0 .6 , f 3.1
.07016 .6 .0 .0 . .1 .0 .0 .6 .a.I t

r.t16 .6 .0 .1 .0 .1 .6 .0 .0 .0 60.I
1.06116 .0 .0 . .0 .0 .6 .0 .6 .0 66.7

.01%31 .0 .6 .0 .0 15 . .. 6 .1 67.6.50760+ .6 .0 .0 .6 .6 .6 .0 .0 .0 66.0

.51001 .0 .6 .0 .0 .0 .0 .6 .6 .6 00.0

.70336 .6 .I .6 .0 .0 .6 .0 .0 .0 03.7

.26670 .0 .0 .0 .0 .0 .0 .I .0 .6 76.7

.71666 .0 .0 .0 .0 .0 .0 .6 ,3 .0 +6.7

.77676 .6 .6 .6 .6 .0 .5 .0 .3 .0 .6

.70960 .6 .0 .0 .6 .0 .6 .6 .6 .0 .5

THE PRINTED OUTPUT CONTAINING THE SOIL BEARING PRESSURE
TIME HISTORIES FROM "t" = 0.23546 SECOND TO "t" 1.20379
SECONDS HAS BEEN OMITTED.
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Sf~ft~hI P00?0SU3E1 11 $OIL At S000U ELCsiC? OTVACHOCU0 Po;641 FROM L911 TO 01100t (No or PCWOOA?001IPSIS

ft0(KNT C. 1 2 3 to

Tile[

4!03 71 .0 10 .0 .a 6 0 .0 136.3 .6
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I'.IP060 .1 .4 6 . 0 ..6 .0 L23.0 .0
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0.0603 .0 .0 0 *0 0 . . 16 030.. .0
0.423 60 .0 .6 .6 .0 .6 . .6 1.4 W.3. .1
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EXAMPLE PROOLEN 0.2 SIKGLE CELL. BARRIER WITH4 BUTTRESS WALLS
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EXAM~PLE PROOLE'9 0.? SIhCII CELL BARRIER WITH0 BUTTRESS MALLS
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APPENDIX E

LIST OF SYMBOLS USED IN TEXT

A Surface area of foundation (ft 2 )

Ab Cross-sectional area of steel reinforcing bar (in 2 )

0. Amin Minimum area of flexural reinforcement (in 2/ft)

As Area of tension reinforcement within a width "b"
(in 2/ft)

a Depth of equivalent rectangular stress block (in)

B Width of foundation along axis of rotation for
rockiny or normal to direction of horizontal
force (in)

b Width of compression face of flexural member (in)

t c Thickness of bottom concrete cover (in)

c1, c11  Distance from resultant of applied loads to axis of
SCll rotation for Sectors I and II, respectively (in)

d Distance from extreme compression fiber to centroid

of tension reinforcement (in)

db Diameter of tension reinforcement bar (in)

dc Distance between centroids of the compression
and tension reinforcement (in)

Sfc Friction factor for cohesive soils

fc Static ultimate compressive strength of concrete
at 28 days (psi)

fds Dynamic design stress for reinforcement (psi)

fs Static design stress for reinforcement (psi)

G Shear modulus for soil (psi)

g Acceleration of gravity (in/sec2 )
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H Distance, in vertical direction, between supports

and/or free edges of foundation extension supported
on three or four sides (in)

H(t) Resultant of horizontal blast loads acting on
structure at time "t" (Ibs)

HW Height of backwall (ft)

h Charge location parameter (ft)

h' Distance from center of gravity of structure
to soil-structure interface (in)

I Mass moment of inertia of structure (lb-sec 2 /in)

Scaled unit blast impulse (psi-ms/1bl/ 3 )

ib Unit blast impulse (psi-ms)
Ib

Kx Total spring constant for soil for horizontal
translation (lbs/in)

Total spring constant for soil for vert.ical
translation (lbs/in)

kx Spring constant for soil element for horizontaltranslation (lbs/in)

Sky Spring constant for soil element for vertical
translation (lbs/in)

L 1) Length of rectangular foundation, in plane of
rotation for rocking or in direction of horizontal
force (in)

2) Length, in horizontal direction, of foundation
between supports and/or free edges (in or ft)

LF 1) Length of loaded area of foundation (ft)

2) Length of foundation extension of cantilever
wall barrier (in)

I Charge location parameter (ft)

Icr Distance from face of support to critical sectioncrfor shear for simple type foundation extension (in)
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In Clear span to face of support for simple type
foundation extension (in)

M Applied unit design load moment at critical section
for shear for thick foundation (in-lbs/in)

MFO Unit bending moment at face of support for foundation
extension of single cell barrier (in-lbs/in)

MFu Ultimate unit bending moment capacity of foundation
required to develop blast wall (in-lbs/in)

MN Ultimate unit negative moment capacity in horizontaldirection (in-lbs/in)

MRp Ultimate unit positive moment capacity in horizontal
direction (in-lbs/in)

M(t) Moment of resultant of blast loads about the z axis
at the center of gravity of the structure a, time "t'
(in-lbs)

Mu 1) Ultimate unit resisting moment (in-lbs/in)

2) Applied unit desiqn load moment at a section
(in-lbs/in)

MVN Ultimate unit negative moment capacity in vertical
direction (in-lbs/in)

r MVp Ultimate unit positive moment capacity in vertical
direction (in-lbs/in)

MWu Ultimate unit moment capacity of backwall element

(in-lbs/in)

m Mass of structure (lbs-sec 2/in)

N Blow count from standard penetration test

NS Number of soil elements used in overturning analysis

PS Soil bearing pressure at face of support of simple
type foundation extension (psi)

Pcr Soil bearing pressure at critical section for shear
for foundation extension (psi)
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PH Reinforcement ratio in horizontal direction on
each face

'PV Reinforcement ratio in vertical direction on
each face

Pu Ultimate unit internal resistance of foundation
extension supported on three or four sides and
subjected to a trapezoidal loading (psi)

Reinforcement ratio equal to As/bd

RA Normal distance from charge to backwall (ft)

Rh Horizontal resistance of soil (lbs)

Rv Vertical resistance of soil (lbs)

Re Moment of horizontal and vertical soil resistance
forces about the center of gravity of structure
(in-lbs)

RI, R11  Total internal resistance of Sectors I and II,
respectively (lbs)IT

T Thickness of concrete section (in)

TS Thickness of foundation slab (in)

TW Thickness of backwall (in)

t Time (sec)

tA Arrival time of blast wave (sec or ms)

to Duration of positive phase of blast pressure (ms)

u Horizontal displacement of structure (in)

U Horizontal acceleration of structure (in/sec 2 )

(V1 sT Static deflection under weight of structure at soil
element actachment point (in)

V(t) Resultant of vertical blast loads on structure at
time 't' (lbs)
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Vt Design load for foundation extension supported onVt three or four sides (lbs/in)

Vu Total applied design shear force at critical
Vu section (Ibs)

v Vertical displacement of structure (in)

I•' "v Vertical acceleration of structure (in/sec 2 )

vc Nominal permissible shear stress for concrete (psi)

vH Shear stress at critical section for shear,
Sector II (psi)

v V Shear stress at critical section for shear,
Sector I (psi)

W Charge weight (lbs)

x Yield line location in horizontal direction (in)

xi Horizontal distance from center of gravity of
structure to soil element attachment point (in)

y Yield line location in vertical direction (in)

4: ZA Scaled 2 ormal distance from charge to backwallS(ft/ib1 3

r ZF 1) Scale normal distance from charge to foundatior

slab (ft/tbl/ 3 )

"2) Minimum scaled distance from charge to
foundation (ft/lbl/ 3 )

aBx, as z Influence coefficients for horizontal and vertical
spring constants for soil elements

Distance between soil elements on foundation (in)

Rotation of structure (deg)

Angular acceleration of structure (rad/sec 2)

Poisson's ratio for soil
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( Vertical stress in soil (psi)

Overturning angle (deg)

1) Capacity reduction factor

2) Bar diameter (in)

I'25
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LIST OF SYMBOLS USED IN INPUT TO COMPUTER PROr(RAM

AFACE Area of loaded surface on structure (in?)

B Length of foundation, in plane of rotation for
rocking, or in direction of horizontal force (in)

C9 Ratio of foundation thickness to backwall thickness

d Distance between the centroids of the comporession
and tension reinforcement (in)

El. E2 Moduli of elasticity of bilinear stress-strain curve
for soil (psi)

Sfc 1) Friction factor for cohesive soils

2) Adhesion constant for non-cohesive soils (psf)

! ds Dynamic design stress for reinforcement (psi)

HAUNH Width of backwall haunch (in)

HB Ratio of height of backwall to length of foundation

HW Height of backwall element (ft)

h Charge location pirameter (ft)

SI Mass moment of inertia of structure (lb-sec?/in)

ICl Computer program option parameter

ICAI Computer program option parameter

ib Unit blast impulse (psi-ins)

(KLM)u Load-mass factor in the ultimate ranqe

L Length of backwall element (ft)

1 Charge location parameter (ft)

N Number of blast walls in structure

NFDN Computer proqram option parameter

NDEL2 Constant for changing integration time step in
overturninq analysis computer program

L257



NLOAD Computer program option parameter

NP Number of charges

NUMPT Number of integration time steps skipped between
output time stations

NU,'1TM Number of integration time steps used in over-
turning analysis

NVEL Computer program option parameter

NS Number of soil elements used in overturning analysis

-. ALL Computer program option parameter

P2/Pl Ratios of initial pressure to final pressure on
surface

P Reinforcenent ratio in horizontal direction

SPV Reinforcement ratio in vertical direction

RA Normal distance from charge to backwall (ft)

SHTP Stress at which modulus of bilinear soil stress-
strain curve changes (psi)

SSB Ratio of len.qth of loaded area of foundation to
total length of foundation

TASM Time of arrival of blast wave on structure (sec)

TOLG Smallest duration of loadina produced by any one
charge on any surface of the structure (sec)

T14 Thickness of backwall (in)

tA Arrival time of blast wave (sec or ms)

t AO Arrival time plus duration of positive phase of
blast pressure (sec)

UVECT(i) Hlorizontal cr vertical component of unit vector
normal to a loaded surface of structure

vf Velocity of post failure fraqments (in/ms)
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W Charge weight (lbs)

WT Weight of structure (Ibs)

XB Horizontal distance from center of gravity of
structure to rear face of backwall element (in)

XCORD(i) Horizontal distance from center of gravity of
structure to centroid of loaded surface (in)

XR Horizontal distance from center of gravity of
structure to left end of foundation (in)

x Yield line location in horizontal direction (in)

YB Vertical distance from center of gravity of
structure to top of foundation slab (in)

y Yield line location in vertical direction (in)

Bx, az Influence coefficients for horizontal and vertical
spring constants for soil elements

1 Poisson's ratio for soil

Fib Summation of unit blast impulses on backwail
element (psi-ms)

2
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